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Abstract

Alterations in GABAAR β3 expression and function are linked to autism spectrum
disorders (ASDs). Protein kinase C (PKC)-mediated phosphorylation of the β3 subunit
on serine residues 408/9 (S408/9) shapes its membrane expression and GABAergic
inhibition. To evaluate whether dysregulation of this process was involved in ASDs
we assessed β3 phosphorylation in Fmr1 knockout mice, a widely accepted model of
ASDs. The Fmr1 knockout mouse is a mouse model for Fragile X syndrome, a genetic
disorder involving the Fmr1 gene caused by an expansion of unstable trinucleotide
repeats that result in decreased or abolished FMRP protein expression. Fmr1
knockout mice exhibited an increase in S408/9 phosphorylation and phasic inhibition
along with significant deficits in tonic inhibition. In transgenic S408/9A knock-in mice
where S408/9 were mutated to alanines, parallel modifications in GABAergic
inhibition were observed. In addition, S408/9A mice exhibited an increase in
dendritic spine morphology, increased repetitive-like behavior, and deficits in social
interaction, prominent features of ASDs. Our findings suggest that changes in β3
phosphorylation may contribute to the pathophysiology of ASDs.

Along

with

influencing

GABAAR

expression

and

function,

PKC-mediated

phosphorylation has been associated with neurosteroid action on extrasynaptic
GABAARs that mediate tonic inhibition. In the dentate gyrus region of the
hippocampus, tonic inhibition is mediated by GABAARs composed of α4β3δ subunits.
Previously, we established that the neurosteroid allotetrahydrodeoxycorticosterone
(THDOC) increased the PKC-dependent phosphorylation of α4 which led to an
increase in its surface accumulation and tonic conduction. In S408/9A mice the
THDOC-mediated increase in α4 surface expression and tonic conduction were

i

abolished. Additionally, the anticonvulsant and hypnotic/anesthetizing properties of
THDOC were diminished in S408/9A mice compared to WT controls. Collectively, our
findings suggest a critical role for β3 phosphorylation in neurosteroid sensitivity.
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CHAPTER 1

Introduction
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GABA mediates the majority of CNS inhibitory neurotransmission
In the adult mammalian central nervous system (CNS), γ-aminobutyric acid (GABA)
is the major inhibitory neurotransmitter.

Pioneering work in the late 1960s by

Krnjevic and Schwartz revealed that iontophoretic application of GABA to cortical
neurons produced membrane hyperpolarization (Krnjevic & Schwartz, 1967). These
responses to GABA are observed in virtually all neurons in the brain and it is
estimated that roughly a quarter of all neurons use GABA as their primary
neurotransmitter (Somogyi et al, 1998). GABA is synthesized in the brain from the
decarboxylation of the excitatory neurotransmitter glutamate in a reaction catalyzed
by L-glutamic acid decarboxylase (GAD) (Erlander et al, 1991). In the mammalian
brain, GAD is encoded by two different genes to produce two isoforms with distinct
expression patterns. GAD65 is restricted to nerve terminals where it is involved with
GABA production for neurotransmission whereas GAD67 expression is observed
throughout the cell and is involved in GABA production for non-neurotransmission
functions such as synaptogenesis and neuroprotection (Pinal & Tobin, 1998).
Following synthesis, GABA is transported into synaptic vesicles by the vesicular
inhibitory amino acid transporter (VIATT) where it becomes available for release into
the synaptic cleft.

The actions of GABA are terminated by reuptake via the GABA

transporters (GAT-1 - GAT-4), also known as sodium- and chloride-dependent GABA
transporter 1-4 (Liu et al, 1993). In humans, the majority of GABA reuptake is
mediated by GAT-1 expressed at nerve terminals and astrocytic processes in neurons
and glia, respectively (Conti et al, 2004; Minelli et al, 1995).

In vertebrates, the fast inhibitory effects of GABA are mediated by GABA binding to
ionotropic GABAA receptors whereas the slow inhibitory responses of GABA are
mediated by the metabotropic GABAB receptors.
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GABAA receptors mediate fast inhibition in the CNS
GABAA receptors (GABAARs) are ligand-gated chloride channels responsible for
mediating fast inhibition in the CNS. GABA binding generates a conformational
change in the protein’s intrinsic chloride channel, allowing chloride ions to flow down
its electrochemical gradient. During early development, high intracellular chloride
concentrations results in a depolarizing response to GABA (Ben-Ari et al, 2012;
Chudotvorova et al, 2005; Khalilov et al, 2011). In adult brains, the efflux of chloride
by the K+/Cl- cotransporter, KCC2, leads to lower intracellular chloride concentrations
resulting in GABA producing a hyperpolarizing response which reduces the probability
that an action potential will be generated.

GABAARs belong to the cys-loop ion channel superfamily whose other members
include the nicotinic acetylcholine receptors, glycine receptors and 5-HT3 receptors
(Connolly & Wafford, 2004). Cys-loop receptors are heteropentamers with an
intrinsic ion channel assembled from various classes of subunits; 19 GABAA receptor
subunits have been identified that belong to 8 different classes: α(1-6), β(1-3), γ(13), δ, ε, π, θ, and ρ(1-3)2 (Sieghart, 2006; Tretter & Moss, 2008). Within a subunit
class, the sequence homology is roughly 70% while between classes, the sequence
homology is reduced to around 30% (Macdonald & Olsen, 1994).

16 of the 19

GABAAR subunit genes are arranged in five gene clusters on chromosome 4 (α2, α4,
β1 and γ1), chromosome 5 (α1, α6, β2 and γ2), chromosome 6 (ρ2, ρ3),
chromosome 15 (α5, β3 and γ3) and the X chromosome (α3, θ and ε) (Russek,
1999).

The pentameric GABAA receptor is frequently composed of two α, two β and one γ
subunit although at extrasynaptic sites in some neurons, δ can substitute for γ
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(Hortnagl et al, 2013; Pirker et al, 2000). The GABA binding site is located at the
interface between α and β subunits with two agonist binding sites per receptor while
the benzodiazepine binding site lies at the interface between α and γ subunits
(Connolly & Wafford, 2004).

GABAAR subunits possess similar structures: a large extracellular N-terminal
containing the characteristic cysteine-cysteine loop, four transmembrane domains
(TM1-TM4), a large intracellular loop between TM3 and TM4 that is the most
genetically divergent part of each subunit and a short extracellular C-terminal
(Arancibia-Carcamo & Kittler, 2009; Connolly & Wafford, 2004). The intracellular
loop dynamically regulates receptor activity by altering its trafficking and cell surface
expression through protein-protein interactions with regulatory molecules such as
microtubule-binding proteins, kinase-anchoring protein and cytoskeletal proteins and
acts as a site for post-translational modifications including ubiquitination and
phosphorylation (Jacob et al, 2009; Nakamura et al, 2015).
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Figure 1-1: GABAAR structure
GABAARs are heteropentamers with an intrinsic chloride channel. (A) Each GABAAR
subunit possess

a large extracellular N-terminal, four transmembrane domains

(TM1-TM4), a large intracellular loop between TM3 and TM4 that is site of proteinprotein interactions and post-translational modifications such as phosphorylation and
a short extracellular C-terminal. (B) The most commonly observed GABAAR is
composed of two α, two β, and one γ subunit. At extrasynaptic sites, δ can replace
the γ subunit. 19 GABAA receptor subunits have been identified that belong to 8
different classes: α(1-6), β(1-3), γ(1-3), δ, ε, π, θ, and ρ(1-3).




GABABRs mediate slow inhibitory responses of GABA
In addition to acting on GABAARs to mediate fast inhibitory responses, GABA acts on
G-protein coupled GABAB receptors (GABABRs) to mediate slow inhibitory responses
in the brain and at autonomic terminals in the periphery (Bowery et al, 1987; Calver
et al, 2000; Margeta-Mitrovic et al, 1999; Price et al, 1987). GABABRs are members
of the Class C GPCR family and are heterodimers composed of R1 and R2 subunits
(Kaupmann et al, 1998). Each subunit shares a similar structure composed of a large
extracellular

N-terminal

along

with

seven

transmembrane

domains

and

an

intracellular C-terminal (Brauner-Osborne & Krogsgaard-Larsen, 1999; Couve et al,
1998). GABAR1 shares 54% sequence homology with GABA R2 although they have
different functions in ligand binding and trafficking; GABAR1 binds GABA and other
ligands while GABAR2 is required for the membrane expression of the heterodimer
(Geng et al, 2013; Geng et al, 2012; Liu et al, 2004). In addition, GABA R2 mediates
G protein coupling (Duthey et al, 2002; Havlickova et al, 2002). Following GABA
binding to GABABRs, the associated Gαi/o protein is activated leading to the inhibition
of adenylyl cyclase to reduce cAMP concentrations while Gβγ mediates the inhibition
of Ca2+ channels and the activation of K+ channels (Bowery et al, 2002; Bowery et
al, 1987; Chalifoux & Carter, 2011a; Chalifoux & Carter, 2011b; Ulrich & Bettler,
2007). At presynaptic sites, activation of GABABRs decrease calcium conductance
through voltage-gated calcium channels to inhibit neurotransmitter release while at
post-synaptic sites, GABABR activation is linked to the opening of Kir3-type
potassium channels leading to membrane hyperpolarization and decreasing the
likelihood that the neuron will fire an action potential (Gage, 1992; Ulrich & Bettler,
2007).
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GABAAR pharmacology
GABAA receptors are the targets for many clinically relevant therapeutics including
benzodiazepines,
Benzodiazepines

barbiturates,
are

positive

ethanol,
allosteric

anesthetics

modulators

with

and

neurosteroids.

sedating,

anxiolytic,

anticonvulsant, amnesic and muscle relaxing properties. A severe limitation of these
agents is the development of tolerance and dependence that can result from their
long-term use. The benzodiazepine binding site lies at the interface between α and γ
subunits of GABAARs; in response to GABA binding, benzodiazepines increase the
frequency of channel opening. Benzodiazepines differentiate between GABAAR
subtypes based on the α subunit incorporated. When the commonly encountered α1
subunit is replaced by α4 or α6, GABAARs fail

to recognize the classical

benzodiazepines due to a single point mutation within the N-terminal (H101 in α1,
α2, α3 and α5 is replaced by arginine in α4 and α6) (Kleingoor et al, 1993; Wieland &
Luddens, 1994). In addition, some nonbenzodiazepine therapeutics used for
insomnia, such as the commonly prescribed zolpidem, shows altered affinities for
different α subunits; zolpidem has a higher affinity for α1-containing receptors and
lower affinity for α2, α3 and α5-containing GABAARs (Sanger, 2004). Further
mutagenesis and biochemical characterizations of the GABAAR-α subunits have
revealed that the α1 subunit is responsible for sedating, amnestic and anticonvulsant
properties while the α2

subunit is associated

with

anxiolytic properties of

benzodiazepines (Rudolph et al, 1999; Rudolph & Mohler, 2006).

An interesting phenomena observed with GABAARs is the concept of inverse agonists
that act as the same binding site as an agonist but produce an opposite effect on the
channel from the agonist. For instance, β-carbolines such as ethyl β-carboline-3-
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carboxylate (β-CCE) can displace benzodiazepines from its binding site on GABAARs;
administration of β-CCE leads to a decrease in the frequency of GABAAR channel
opening and act as proconvulsants (Tenen & Hirsch, 1980). One GABAAR competitive
antagonist, flumazenil, is also commercially available that can reverse excessive
sedation brought on by benzodiazepine overdoses (Savic et al, 1991).

In contrast to benzodiazepines that act on GABA ARs by increasing the frequency of
channel opening, barbituates act by increasing the duration of channel opening. They
function as central nervous system depressants to produce drowsiness. Fast acting
barbituates are commonly used in conjunction with other compounds for anesthesia
(MacDonald et al, 1989; Twyman et al, 1989). In addition, barbituates have
anxiolytic and anticonvulsant properties. However, due to their high risk for abuse,
physical dependence and overdose, benzodiazepines have replaced barbituates in
clinical use for the treatment of sleep disorders and anxiety.

Similar to benzodiazepines and barbituates, ethanol acts as a central nervous system
depressant (Kang et al, 1996; Kang et al, 1998; Mahmoudi et al, 1997; Olsen &
Sieghart, 2009). The effects of alcohol are reported to act on GABA ARs along with
actions on other ligand-gated and voltage-gated ion channels such as voltagedependent calcium channels, N-methyl-D-aspartate (NMDA) receptors, glycine
receptors and serotonin receptors (Nagy, 2004). Although the precise mechanism for
the effects of alcohol on GABAARs has not been elucidated, alterations in GABAAR
gene expression have been observed following withdrawal from long-term alcohol
consumption (Sanna et al, 2003).

8

Anesthetic agents commonly used for the induction and maintenance of anesthesia
such as the intravenously administered propofol (Rapinovet™) and etomidate
(Amidate™) mediate their activity by binding to GABA A receptors. At anesthetic
concentrations, propofol and etomidate potentiate GABA AR activity while at higher
concentrations, similar to the neurosteroids, they directly activate GABA ARs (Banks &
Pearce, 1999; Kitamura et al, 2004). Using photolabeling with derivatives of propofol
and etomidate, the binding sites for propofol and etomidate were identified as the
interface between GABAAR α and β subunits proximate to the transmembrane
domains, a site distinct from the GABA binding site (Jayakar et al, 2014; Li et al,
2006; Yip et al, 2013). Similar to the benzodiazepines and barbituates, their longterm clinical use is limited by a high risk for abuse.

A potent positive allosteric modulator of GABA A receptors gaining increasing interest
are the pregnane neuroactive steroids. In the 1940s, Seyle and colleagues observed
that the pregnane neuroactive steroids such as allopregnanolone and 3α,21Dihydroxy-5α-pregnan-20-one

(THDOC)

possess

anxiolytic,

anticonvulsant

and

sedating properties. One of the first neurosteroids to be marketed was the anesthetic
Althesin™

composed

alphadolone.

of

the

active

compound

alphaxolone

combined

with

Althesin™ was eventually withdrawn from the market for human use

because it may cause severe histamine release and anaphylaxis but remains
approved for veterinary use.

At low concentrations, alphaxolone stereoselectively

binds GABAA receptors to increase the frequency and duration of GABAAR channel
opening while at higher concentrations alphaxolone directly activates GABAA
receptors by binding to a site distinct from the GABA and benzodiazepine binding
sites (Clarke et al, 1975; Watkins et al, 1976). Ganaxolone, a synthetic analog of the
endogenously produced neurosteroid allopregnanolone, is currently being evaluated
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in Phase 2 and 3 clinical trials as an adjunctive therapy for drug-resistant epilepsy
(Phase 3), a monotherapy for modifying aberrant behavior in Fragile X (Phase 2
proof-of-concept) and as a treatment for PCDH19 female pediatric epilepsy (Phase
2), a rare genetic disorder associated with seizures, intellectual disability and
developmental delays (Bialer et al, 2013). Unlike the benzodiazepines, tolerance to
the anticonvulsant activity of ganaxolone is less likely to develop with prolonged use
(Nohria & Giller, 2007). Allopregnanolone, the endogenously produced neurosteroid,
and synthetic derivatives of allopregnanolone are also being evaluated for clinical use
in super-refractory status epilepticus and in epilepsies with a genetic origin such as
those found in Dravet and Rett syndrome (Bialer et al, 2013).

Competitive antagonists of GABAARs include bicucculine and gabazine which act as
convulsants. In addition, the noncompetitive GABAAR inhibitor, picrotoxin acts as a
convulsant by binding within the central pore of the channel to block chloride
conductance (Jursky et al, 2000). GABAARs are also negatively allosterically
modulated by zinc (Hosie et al, 2003). Another compound with potent, selective
GABAAR activity is the agonist, muscimol, the psychoactive element found in the
hallucinogenic mushroom Amanita muscaria (Farrar et al, 2008).

GABABR pharmacology
Unlike GABAA receptors, GABAB receptors are the targets for a limited number of
therapeutic compounds. The only existing agonist approved for clinical use, baclofen,
acts centrally to promote muscle relaxation and is primarily employed for spasticity
in cerebral palsy and multiple sclerosis. Baclofen is an analog of GABA that acts
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specifically on GABAB receptors but systemic administration produces significant
adverse effects including lethargy, mental confusion and muscle weakness.

GABAAR subtypes display distinct cellular and subcellular expression
GABAAR subunit composition influences GABAA receptor trafficking and therefore, its
cellular and subcellular localization. In addition, subunit composition establishes the
physiological and pharmacological properties of the receptor (Rudolph & Mohler,
2006; Sieghart, 2006). Therefore, subunit composition is a decisive determinant of
GABAAR response. Despite the potential for a wide variety of possible subunit
combinations in the assembly of GABAARs, in vivo expression of functional GABAAR
subunit combinations is limited, being regulated both spatially and temporally
(Sieghart, 2006). Within the CNS, GABAAR subtypes display distinct cellular and
subcellular localization patterns (Laurie et al, 1992a; Mohler et al, 1992; Wisden et
al, 1992). The most commonly encountered GABAAR is composed of α1, β2/3 and γ2
subunits with a stoichiometry of 2α, 2β and one γ subunit (Laurie et al, 1992a;
Tretter et al, 2008; Tretter & Moss, 2008; Wisden et al, 1992). At sites further away
from inhibitory synapses, or extrasynaptic sites, the δ subunit can replace γ to form
GABAARs with pharmacological properties that are distinct from γ-containing
GABAARs (Brickley & Mody, 2012; Glykys et al, 2008; Mody, 2001).

The α1 subunit is found in most brain regions; α2 and α3 are also widely observed
although with a lower expression pattern than seen for α1 (Laurie et al, 1992a;
Pirker et al, 2000; Wisden et al, 1992).

GABAAR subtypes containing α1 are

predominantly localized synaptically and consistent with this observation, α1
colocalizes with gephyrin, a marker for inhibitory synapses (Fritschy et al, 2003; Gao
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& Fritschy, 1994; Gao et al, 1993; Gao et al, 1995; Meyer et al, 2000). In the
hippocampus, α1 has been localized to GAD-positive interneurons (Gao & Fritschy,
1994; Gao et al, 1993; Gao et al, 1995) . Unlike in the adult brain, in the neonatal
brain, α2 and α3 are predominantly expressed compared to α1 although the
physiological relevance of these changes in subunit expression has not been fully
elucidated (Laurie et al, 1992b). The α2 subunit is prominently expressed in
pyramidal

cells

in

the

hippocampus

where

along

with

being

localized

to

somatodendritic compartments, α2 exhibits a distinct localization to the axon initial
segment (Brunig et al, 2002; Hortnagl et al, 2013; Pirker et al, 2000). In addition,
its postsynaptic expression within the axon initial segment is associated with the
presynaptic expression of cholecystokinin or parvalbumin expressing basket cells
(Nyiri et al, 2001). Similar to α1, α2 is clustered at inhibitory synapses that
colocalize with gephyrin (Christie et al, 2002). The α3 subunit is expressed in GADpositive interneurons within the CA1 stratum oriens and hilar regions of the
hippocampus (Gao et al, 1993). Subcellular localization of α3 differs depending on its
regional distribution: within the CA1 α3 is clustered at synapses and colocalizes with
gephyrin while within the hilus of the hippocampus it is diffusely distributed with little
gephyrin colocalization (Brunig et al, 2002).

α4-6 subunits are less commonly encountered and their expression shows restricted
regional distribution. In contrast to α1-3 subunits that are predominantly expressed
at inhibitory synapses as part of 𝛾2-containing GABAAR subtypes that mediate phasic
inhibition, α4-6 subunits are frequently localized to sites further away from the
synapse, at perisynaptic and extrasynaptic sites, and mediate tonic inhibition (Mody,
2001). The α5 subunit exhibits a regional specificity and is diffusely distributed within
CA1 pyramidal cells (Fritschy & Mohler, 1995; Mohler et al, 1995a; Mohler et al,

12

1992; Mohler et al, 1995b). The α5 subunit is noteworthy in that although it can
coassemble

with

the

γ2

subunit

to

form

GABAARs

that

are

sensitive

to

benzodiazepines, its expression is limited to extrasynaptic sites where it mediates
tonic inhibition (Mertens et al, 1993; Mohler et al, 1992).

Consistent with its

extrasynaptic localization, α5 does not colocalize with gephyrin and in cultured
hippocampal neurons, deletion of the a5 subunit abolishes tonic currents (Brunig et
al, 2002; Caraiscos et al, 2004). α4 expression is limited mainly to the cortex,
thalamus, striatum, and dentate gyrus of the hippocampus; α6 subunit expression is
found exclusively in the cerebellum (Pirker et al, 2000). At exclusively extrasynaptic
sites within these regions, δ can replace γ subunits to assemble with α4 or α6 (α4βδ
and α6βδ) (Brickley & Mody, 2012; Mody, 2001). α4βδ and α6βδ GABAARs mediate
tonic inhibition in the dentate gyrus of the hippocampus and cerebellum, respectively
and exhibit distinct physiological and pharmacological properties from those of
synaptically localized GABAARs that mediate phasic inhibition (Mody, 2001).

The β subunits are widely expressed: β2 and β3 are commonly encountered; β1 is
less common (Hortnagl et al, 2013; Pirker et al, 2000). In distinct regions, one β
subunit may show an increased expression level that is balanced by a decrease in
the expression of other β subunits: compared to β1 and β3, the β2 subunit is
enriched in the thalamus while β1 and β3 expression is higher in the hippocampus
compared to β2 (Laurie et al, 1992a; Wisden et al, 1992).

The γ2 subunit is widely expressed and influences postsynaptic clustering of
GABAARs. γ2 knockout mice have reduced synaptic clusters along with diminished
gephyrin expression and compromised GABAAR function (Essrich et al, 1998). The
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incorporation of γ2 subunits along with α1-3β comprises benzodiazepine-sensitive
GABAARs

that

predominantly

mediate

phasic

inhibition

although

abundant

extrasynaptic and perisynaptic γ2 expression has been reported (Jacob et al, 2005).
Unlike γ2, γ1 and γ3 subunits exhibit limited distribution and expression. γ1
expression is observed only in a few striatal regions, the substantia nigra and the
inferior olive while γ3 expression is diffuse and limited in number (Hortnagl et al,
2013; Pirker et al, 2000). In some brain regions, the δ subunit can replace γ in the
formation of a functional GABAAR and its expression corresponds with that of the α4
and α6 subunits in the hippocampus and cerebellum, respectively (Brickley & Mody,
2012). Specifically, α4β2/3δ subtypes are encountered in the hippocampus and
thalamus while α6βδ subtypes are seen in the cerebellum (Mody, 2001).
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Contributed by Paul G. DeCaen, 2014

Figure 1-2: Synaptic GABAARs mediate phasic inhibition and extrasynaptic
GABAARs mediate tonic inhibition
Synaptic GABAARs are transiently activated by high concentrations of GABA released
into the synaptic cleft and mediate phasic inhibition. Synaptic GABAARs are
composed of α1–3, β and γ subunits. Extrasynaptic GABAARs mediate tonic inhibition
and are composed of α4-6 subunits along with β and δ which can replace the γ
subunit in some receptors. Extrasynaptic GABAARs are persistently activated by low
concentrations of GABA.
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GABAAR subunit composition establishes its physiological and
pharmacological properties
GABAAR subunit composition, in addition to influencing the regional, cellular and
subcellular expression of GABAAR subtypes, also determines the physiological and
pharmacological properties of these receptors. The α subunit exhibits different
sensitivities to GABA and is a definitive contributor to the receptor’s functional
response. Extrasynaptic receptors containing α4 or α6 assembled with δ have the
highest affinity for GABA while α3 assembled with γ2 have the lowest GABA affinity
(Bohme et al, 2004).

The α subunit also affects the rate of deactivation; α1βδ

receptor currents deactivate more rapidly compared to α6βδ (Bianchi et al, 2002). In
addition, the presence of γ2 or δ influences the channel kinetics and single channel
conductance of GABAARs. Extrasynaptic receptors incorporating δ in place of γ2
exhibit a diminished single channel conductance and little to no desensitization
compared to synaptically localized GABAARs (Bianchi et al, 2001; Bianchi et al, 2002;
Bianchi & Macdonald, 2002; Fisher & Macdonald, 1997; Haas & Macdonald, 1999;
Kapur et al, 1999). The high affinity for GABA and slower desensitization kinetics of
extrasynaptic GABAARs makes them ideally suited for mediating tonic conductance in
conditions where ligand concentration is limited to the low, ambient levels such as
those found outside the synaptic cleft (Glykys et al, 2008).

In addition to influencing the regional expression and biophysical properties of the
GABAA

receptor,

subunit

composition

is

also

a

major

determinant

in

the

pharmacological responsiveness of GABAARs to therapeutic targets. As mentioned
above, the α and γ2 subunits are required for benzodiazepine sensitivity (Benson et
al, 1998). Replacing the histidine residue of the benzodiazepine-sensitive α1-3 and

16

α5 subunits at position 101 with arginine in α4 and α6 subunits makes the receptors
benzodiazepine-insensitive (Kleingoor et al, 1993; Wieland & Luddens, 1994;
Wieland et al, 1992a; Wieland et al, 1992b). The specific α subunit also contributes
to the CNS depressant activities of benzodiazepines: α1-containing GABAARs mediate
the hypnotic and anticonvulsant actions of benzodiazepines while α2-containing
subtypes possess anxiolytic effects (Rudolph et al, 1999; Rudolph & Mohler, 2006).
The α3 subunit may also contribute to the anxiolytic effects of certain compounds
(Atack et al, 2005). The development of antagonists selective for α5-containing
GABAARs has also been an area of interest because α5 has been linked to effects on
learning and memory.

The extrasynaptic GABAARs containing a4 and a6 subunits display a distinct
pharmacological

profile

from

the

synaptically

localized

GABAARs.

They

are

benzodiazepine resistant but are highly sensitive to compounds such as THIP and
neuroactive steroids (Brickley & Mody, 2012).

GABAAR trafficking
After translation, GABAA receptors are assembled within the endoplasmic reticulum.
Although the heteropentamer can be formed from many combinations of the 19
available subunits, in vivo studies have established that the number of combinations
that can be properly assembled and trafficked to the membrane are reasonably
limited (Arancibia-Carcamo & Kittler, 2009; Vithlani et al, 2011). For example,
although GABAARs composed of only two α and two β subunits are functional in
expression studies and may occur in vivo where they are proposed to mediate tonic
inhibition, αβγ-GABAAR and αβδ-GABAAR combinations are the most commonly
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observed GABAARs in vivo (Angelotti & Macdonald, 1993; Angelotti et al, 1992;
Angelotti et al, 1993; Macdonald et al, 1996; Mortensen & Smart, 2006).

In the ER, resident chaperone proteins such as calnexin and binding immunoglobin
protein (BiP) facilitate the proper folding and assembly of the receptor; improperly
assembled or misfolded receptors are directed towards degradation in proteasomes
(Jacob et al, 2008; Kittler et al, 2005; Moss & Smart, 2001; Sanna et al, 2003). The
negative regulator of proteasomal degradation, Plic-1 (protein that links integrin
associated protein with the cytoskeleton-1) assists in stabilizing the receptor within
the ER and facilitates its transport to the Golgi apparatus following assembly (Saliba
et al, 2007). Plic-1 interacts with the intracellular domains of GABA AR α and β
subunits to regulate their transport through the secretory pathway (Bedford et al,
2001). In the Golgi, GABAARs are further processed and sorted into secretory
vesicles for insertion into the plasma membrane. The γ2-containing GABAARs are
palmitoylated in the Golgi through serine residues within γ2 cytoplasmic domain by
the Golgi-specific DHHC zinc finger protein (GODZ), a process critical for its
accumulation at inhibitory synapses (Rathenberg et al, 2004).

Trafficking of GABAARs from the Golgi through secretory vesicles to the plasma
membrane is promoted by interaction with cytoplasmic proteins such as BIG2
(brefeldin A-inhibited guanine nucleotide exchange factor 2), GABARAP (GABAARassociated protein), phospholipase C-related catalytically inactive proteins 1 and 2
(PRIP1/2) and N-ethylmaleimide sensitive factor (NSF). BIG2 assists in the
translocation of proteins through the trans-Golgi network through interactions with
the intracellular domains of GABAA receptor β subunits although it has also been
localized to endosomes and may influence endocytic recycling of GABAARs (Charych
et al, 2004a; Charych et al, 2004b). GABARAP, a member of the membrane
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associated proteins (MAPs) interacts with microtubules and the intracellular domains
of GABAAR γ subunits (Leil et al, 2004; Wang et al, 1999). Although its function may
be redundant with other GABAAR-interacting proteins since GABARAP knockout mice
display no behavioral phenotype and no differences in γ2 localization and expression,
overexpression of GABARAP in expression systems and cultured neurons increases
the membrane expression of γ2-containing GABAARs, suggesting that GABARAP may
facilitate the translocation of GABAARs from intracellular compartments to the cell
membrane (Kittler et al, 2004; Leil et al, 2004; O'Sullivan et al, 2005). The evidence
for this is further supported by the finding that phospholipase C (PLC)-related
catalytically inactive protein PRIP1 and PRIP2, competitively inhibits γ2 binding to
GABARAP (Kanematsu et al, 2002). As its name suggests, PRIPs are proteins related
to phospholipase C but lack their catalytic activity. PRIP1 and PRIP2 double knockout
mice exhibit reduced diazepam sensitivity and decreased surface benzodiazepine
binding sites, indicative of a reduction in the membrane surface expression of γ2containing GABAARs (Kanematsu et al, 2002; Kanematsu et al, 2007; Mizokami et al,
2007). PRIP1 may also indirectly influence membrane trafficking of GABAARs by
binding to and inhibiting protein phosphatase 1a (PP1a) (Terunuma et al, 2004). In
addition, PRIP1 binds to the intracellular domains of the GABAAR β subunits
(Terunuma et al, 2004). The hexameric ATPase, N-ethylmaleimide sensitive factor
(NSF) also directly binds the intracellular domains of GABA AR β subunits to increase
receptor trafficking towards the membrane (Goto et al, 2005). In addition, NSF
interacts with GABARAP within the Golgi apparatus where it is proposed to facilitate
the intracellular trafficking of GABAARs (Kittler et al, 2001).
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Targeting of GABAARs to inhibitory synapses
Through controlling the availability and numbers of GABA ARs at the plasma
membrane,
membrane

GABAAR
is

the

trafficking
determining

between
factor

in

intracellular
regulating

compartments
GABAergic

and

inhibition.

the
At

extrasynaptic sites, GABAA receptors are inserted into the plasma membrane
following de novo assembly in the ER or reinserted after internalization (Bogdanov et
al, 2006; Thomas et al, 2005). Following insertion, the lateral diffusion of GABA ARs
to synaptic or extrasynaptic sites is influenced predominantly by subunit composition
along with protein-protein interactions with scaffolding proteins such as gephyrin and
cytoskeletal proteins such as radixin (Arancibia-Carcamo & Kittler, 2009; Jacob et al,
2008).

Gephyrin, the key scaffolding protein at inhibitory synapses for glycine and GABA
receptors, is involved in the clustering of synaptic GABAAR subtypes at GABAergic
synapses (Tyagarajan & Fritschy, 2014). Gephyrin directly binds to the intracellular
domains of α1, α2, α3, β2, β3 and γ2 subunits to anchor synaptic GABA AR subtypes
to the cytoskeleton (Kowalczyk et al, 2013; Tretter et al, 2008; Tretter & Moss,
2008).

Experiments

with

gephyrin

knockout

mice,

along

with

antisense

oligonucleotide knockdown of gephyrin, have demonstrated that inhibiting gephyrin
expression significantly decreases γ2 punctate staining and GABA AR clustering at
inhibitory synapses (Essrich et al, 1998; Jacob et al, 2005; Kneussel et al, 1999;
Levi et al, 2004). Likewise, gephyrin clustering along with synaptic GABA AR
clustering was abolished in γ2 knockout mice, suggesting an interdependence
between gephyrin and synaptic GABAARs in the formation of inhibitory synapses
(Essrich et al, 1998). In addition to gephyrin, interactions with synaptic adhesion
molecules such as collybistin, neurexin and neuroligin promote the formation of
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inhibitory

synapses.

Collybistin,

a

membrane-associated

guanine-nucleotide

exchange factor (GEF), directly binds gephyrin to facilitate its translocation to the
plasma membrane surface (Harvey et al, 2004; Kins et al, 2000). Pre-synaptically
localized β-neurexin and post-synaptically localized neuroligin 2 (NL2) promote
inhibitory synaptogenesis by facilitating the proper alignment of the inhibitory
synapse (Tretter & Moss, 2008; Vithlani et al, 2011).

Less is known about the mechanisms for anchoring extrasynaptic GABA ARs to the
cytoskeleton. The adaptor protein radixin, a member of the ezrin/radixin/moesin
family, directly links the extrasynaptic α5 subunit to the actin cytoskeleton although
its functional relevance has not been determined since depleting radixin in neurons
abolished α5 clustering but had no effect on α5 surface expression or GABAmediated currents (Loebrich et al, 2006).

GABAAR endocytosis
Internalization of GABAA receptors occur at extrasynaptic sites by binding of the
clathrin adaptor protein AP2 to the intracellular domain of the receptor. AP2 is a
heterotetrameric protein composed of four subunits commonly called adaptins: α,
β2, µ2 and σ2. The α and β2 adaptins bind to the plasma membrane and clathrin and
is involved in the recruitment of accessory proteins to facilitate the assembly of
clathrin-coated pits, µ2 adaptin is responsible for cargo recognition and the σ2
adaptin stabilizes the adaptor complex (Hofmann et al, 1999; Owen & Evans, 1998;
Owen et al, 2000; Shih et al, 1995).

The µ2 adaptins responsible for cargo binding recognize at least four motifs within
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GABAARs: a dileucine motif in the GABAAR β2 subunit (L343L344), a 10 amino acid
atypical AP2 binding motif enriched with lysine and arginine residues within the
intracellular domain in all β subunits, and in γ2 subunits: a twelve amino acid domain
analogous to the β subunit AP2 binding site and a tyrosine based YGYECL motif
(Clague, 1998; Herring et al, 2003; Kittler et al, 2005; Kittler et al, 2008; Kittler et
al, 2000; Smith et al, 2008). The AP2 binding sites within the β and γ2 subunits
overlap with the major phosphorylation sites for PKA and PKC along with
Calcium/Calmodulin-dependant Kinase II (CAMKII) and AKT for the β subunits and
Fyn and Src-family of tyrosine kinase for the γ2 subunit: S409 for β1, S410 for β2,
S408/9 for β3 and Y365/367 for γ2 (Brandon et al, 1999a; Brandon et al, 2001;
Brandon et al, 2003; Brandon et al, 2002; Brandon et al, 1999b; Jurd et al, 2010;
McDonald et al, 1998; McDonald & Moss, 1994; McDonald & Moss, 1997; Moss et al,
1992).

Endocytosis is influenced phosphorylation-dependent mechanisms
Phosphorylation dynamically regulates the membrane expression of β- and γ2containing GABAARs by inhibiting AP2 binding leading to an increase in surface βand γ2-GABAAR subtypes (Boehm et al, 2004; Kittler et al, 2005; Tretter et al,
2009). When S408/9 of β3 is not phosphorylated, the µ2 adaptin is able to bind with
high affinity; phosphorylation of S408/9 significantly reduced µ2 binding to the
receptor (Jacob et al, 2009; Kittler et al, 2005). In addition, phosphorylation of β3
increased GABAergic inhibition by increasing mIPSC amplitude and frequency (Jacob
et al, 2009). Therefore, phosphorylation of β3 within the AP2 binding motif reduced
µ2 binding to the β3 subunit and increased its surface expression and GABAergic
phasic inhibition. Likewise, µ2 binding to the γ2 subunit is similarly phospho-
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dependent. Tyrosine phosphorylation of Y365/367 within the intracellular domain of
γ2 decreased AP2 binding and increased the surface expression of γ2-containing
GABAAR subtypes (Kittler et al, 2008).

Following endocytosis, GABAARs can undergo ubiquitination and degradation within
lysosomes or recycled for reinsertion back to the plasma membrane. Interactions
with the cytoplasmic domains of β and γ subunits with lysosomal regulatory proteins
such as Huntingtin-associated protein 1 (HAP1) and Calcium Modulating Cyclophilin
Ligand (CAML) promote the recycling of receptors to the membrane surface
(Arancibia-Carcamo & Kittler, 2009; Arancibia-Carcamo et al, 2009; Kittler et al,
2004; Slepnev & De Camilli, 2000).

Phasic inhibition is mediated by synaptic GABAARs
Phasic and tonic inhibition GABAAR subunits exhibit differential expression in the
brain with distinct physiological and pharmacological properties. GABAARs localized to
synapses mediate phasic inhibition and are predominantly composed of α1-3, β1-3
and γ2(Rudolph & Mohler, 2006). Synaptic GABAARs are activated by a transient
release of GABA from presynaptic vesicles with a peak GABA concentration in the
millimolar range (Farrant & Nusser, 2005). Therefore, activation of synaptic GABA ARs
is temporally and spatially regulated. In addition, the synaptic αβγ2 GABAARs are the
principle targets for the psychoactive drugs, the benzodiazepines (Rudolph et al,
1999; Twyman et al, 1989).
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Tonic inhibition is mediated by extrasynaptic GABAARs
Tonic inhibition, on the other hand, is mediated by extrasynaptic and perisynaptic
GABAARs in response to ambient concentrations of GABA (< 1 µM) (Farrant &
Nusser, 2005). Unlike the temporally regulated activation of synaptic GABAARs,
extrasynaptic GABAARs are persistently activated by GABA that escape from the
synaptic cleft or are released from astrocytes and neurogliaform cells (Kozlov et al,
2006; Olah et al, 2009).

The functional properties of these extrasynaptic receptors are distinct from synaptic
GABAARs: they exhibit little desensitization and have higher affinity for GABA (EC 50 of
GABA for extrasynaptic α4β3δ GABAARs = 0.5 µM; EC50 of synaptic α1β1γ2L= 6.2
µM) (Brickley et al, 1996; Brown et al, 2002; Saxena & Macdonald, 1994). These
physiological properties of extrasynaptic receptors make them ideally suited to
mediate persistent inhibition where only low, ambient GABA concentrations are
available. In addition, extrasynaptic GABAARs have pharmacological properties
distinct from their synaptic counterparts. Their initial discovery relied upon the
observation that in neurons using voltage-clamp whole cell recordings, application of
the GABAAR inhibitor gabazine (SR-95531) at concentrations less than 20 µM
selectively inhibited phasic currents and reduced the holding current required to
maintain the cell membrane at a fixed potential (Brickley et al, 1996). Extrasynaptic
GABAA receptors are also benzodiazepine-insensitive but they may be the major
targets of the anesthetic propofol and the sleep-promoting drug THIP (gaboxadol)
(Brown et al, 2002; Farrant & Nusser, 2005; Wohlfarth et al, 2002). Furthermore,
extrasynaptic GABAARS are highly sensitive to modulation by pregnane neurosteroids
which have been shown to selectively enhance tonic conductance with little effect on
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phasic conductance at nanomolar concentrations (Nusser & Mody, 2002; Stell et al,
2003).

Tonic inhibition mediated by extrasynaptic GABAARs is limited to a few brain regions
where it plays an essential function. For example, in the hippocampus, it is estimated
that roughly three quarters of the total inhibitory charge is mediated through tonic
conductance (Mody & Pearce, 2004). In the dentate gyrus of the hippocampus, tonic
conductance is mediated by α4β subtypes, with or without δ (Chandra et al, 2006).
The α4βδ subtypes are also found in thalamic relay neurons, cortical pyramidal cells
and in striatal medium spiny neurons (Belelli & Lambert, 2005; Brickley & Mody,
2012; Coulter & Carlson, 2007). α6βδ GABAAR subtypes mediate tonic inhibition in
cerebellar granule cells (Brickley et al, 1996; Farrant & Nusser, 2005). Extrasynaptic
GABAARs are also localized to hippocampal interneurons and pyramidal cells including
α5-containing GABAARs that are the predominant extrasynaptic subtypes in the CA1
region of the hippocampus, developing neurons, neocortical pyramidal cells and
within the spinal cord (Drasbek et al, 2008; Ge et al, 2006; Ge et al, 2007; LoTurco
et al, 1995; Semyanov, 2003; Vardya et al, 2008).

Tonic conduction decreases the cell’s input resistance and reduces the voltage
produced by an input current. At the neuronal level, tonic conduction makes the cell
less likely to fire an action potential (Farrant & Nusser, 2005). In physiological and
pathophysiological processes, tonic inhibition has been shown to dynamically
modulate neuronal firing rates, which may result in shifting the offset of
neurotransmission and gain control of the input-output relationship (Hamann et al,
2002; Rossi et al, 2003; Rothman et al, 2009). During neonatal neurodevelopment
and in adult neurogenesis when GABA signaling is excitatory due to a high
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intracellular chloride concentration, ambient GABA mediates tonic conduction to
regulate the migration, proliferation and differentiation of neural progenitor cells and
facilitates the integration of maturing neurons into neural networks (Ge et al, 2007;
Represa & Ben-Ari, 2005).

Neurosteroids enhance tonic conduction at physiological concentrations
Given the vital function of tonic inhibition in the brain, the ability to selectively
modulate it through the application of pregnane neurosteroids has garnered much
interest. As mentioned previously, extrasynaptic GABAARs are highly sensitive to
modulation

by

neurosteroids.

At

physiological

concentrations,

pregnane

neurosteroids are potent positive allosteric modulators of extrasynaptic GABAARs that
selectively enhance tonic conductance with no effect on phasic conduction (Lambert
et al, 2009). Neurosteroids are derived from cholesterol and are synthesized
primarily in the periphery in the gonads, adrenal glands and feto-placental unit
(Mellon et al, 2001). The enzymes required for synthesis are also found in the brain,
allowing neurosteroids to be locally synthesized de novo in many brain regions
(Mellon et al, 2001). The steroidogenic acute-regulatory protein (StAR) interacts with
translocator protein (TSPO) to mediate the transport of cholesterol from the outer
mitochondrial

membrane

to

the

inner

mitochondrial

membrane

where cytochrome P450scc in a rate-limiting reaction catalyzes the conversion of
cholesterol to pregnenolone (Mellon & Vaudry, 2001). Pregnenolone is further
converted to progesterone in a step catalyzed by 3β-hydroxysteroid dehydrogenase
and progesterone can undergo conversion to deoxycorticosterone. Progesterone and
deoxycorticosterone are converted in steps catalyzed by 5α-reductase and 3αhydroxysteroid dehydrogenase to the pregnane neurosteroids, 3α-hydroxy-5αpregnane-20-one

(allopregnanolone)

and

3α,5α-3,21-dihydroxypregnan-20-one
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(THDOC), respectively. Unlike the classical steroids that mediate their effects
through interactions with intracellular receptors to regulate gene expression,
neurosteroids rapidly modulate neuronal function through non-genomic actions by
binding

to

plasma

membrane

receptors.

The

pregnane

neurosteroids

bind

stereoselectively to GABAARs and produce fast anxiolytic, anticonvulsant and
hypnotizing effects (Compagnone & Mellon, 2000). Although neurosteroids are
typically said to possess anxiolytic effects, paradoxically, elevated neurosteroid levels
can produce anxiety, negative mood and severe aggression because their effects on
mood are biphasic in nature, similar to other GABAAR modulators: at concentrations
lower than 1.5 nM/L and higher than 2 nM/L, neurosteroids increase GABA AR activity
while concentrations within this range inhibit GABAAR activity (Belelli & Lambert,
2005). δ-containing GABAARs are the most sensitive to modulation by neurosteroids
and likewise, low physiological concentrations (>100nM) of neurosteroids selectively
increases tonic inhibition mediated by extrasynaptic GABAARs subtypes while having
no effect on phasic conductance mediated by the synaptically localized GABAARs
(Belelli & Lambert, 2005; Herd et al, 2007; Lambert et al, 2009; Stell et al, 2003).
Similar to the actions of barbituates, neurosteroids increase GABAAR channel open
frequency and duration and have no effect on single channel conductance (Callachan
et al, 1987).
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Figure 1-3: Neurosteroid Synthesis
Cholesterol is transported through the mitochondrial membrane by StAR protein
where it is converted to pregnenolone in a rate limiting reaction catalyzed by
cytochrome P450scc. Pregnenolone is converted to progesterone in a step catalyzed
by 3β-hydroxysteroid dehydrogenase and progesterone can be further converted to
deoxycorticosterone. 3α,5α-THP (allopregnanolone) and 3α,5α-THDOC (THDOC) are
the metabolites of progesterone and deoxycorticosterone, respectively, in reactions
catalyzed by 5α-reductase and 3α-hydroxysteroid dehydrogenase. The enzymes
required for neurosteroid synthesis are present in many CNS regions, allowing for
local de novo synthesis of neurosteroids in the brain.




Neurosteroid binding sites on GABAARs
The prospect of a modulatory neurosteroid binding site on GABAARs was substantially
implied by the stereoselectivity of the interaction and the potency of neurosteroid
action on the receptors (Callachan et al, 1987; Lambert et al, 1996; Wittmer et al,
1996). Electrophysiological studies and radioligand binding assays revealed that the
neurosteroid binding site was distinct from the binding sites for other GABA AR
allosteric modulators such as benzodiazepines and barbituates (Callachan et al,
1987; Lambert et al, 1999; Lambert et al, 1996). Two distinct binding sites
responsible for the modulation and direct activation of neurosteroids on GABA ARs
were identified using homology modeling coupled with site-directed mutagenesis.
The residues identified that compromise the modulatory site, located within the
transmembrane domains of the α subunits and conserved in all α subunits (αQ241
and αN407), and the direct activation site, found between the interface of α and β
subunits (αT236 and βY284), are critical for forming hydrogen bonds between
neurosteroids and the GABAA receptor (Hosie et al, 2009; Hosie et al, 2006; Hosie et
al, 2007). Strikingly for the extrasynaptic α4β3δ subtypes that predominantly
mediate tonic inhibition in the hippocampus, mutating a glutamine residue within the
modulatory site, α4Q246L, completely eliminated the potentiation of GABA currents
by neurosteroids (Hosie et al, 2009; Hosie et al, 2006; Hosie et al, 2007). These
studies further revealed that although neurosteroids have a higher efficacy at δcontaining GABAARs, surprisingly, the δ subunit does not appear to participate in
neurosteroid binding (Hosie et al, 2009). Instead, the δ subunit has been proposed
to stabilize the interaction between the receptor and neurosteroids following initial
binding (Hosie et al, 2009).
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Fluctuating hormone levels impact tonic inhibition
Fluctuations in neurosteroids are vital in physiological processes such as during
development and puberty and may contribute to pathological conditions such as
psychiatric disorders and some forms of epilepsy. Additionally, since the pregnane
neurosteroids are potent modulators of extrasynaptic GABA ARs that mediate tonic
inhibition, dysfunction in tonic inhibition has been widely observed in pathological
states associated with fluctuations in neurosteroid levels (Brickley & Mody, 2012;
Maguire & Mody, 2007; Mody & Maguire, 2011). Neurosteroids can also regulate the
expression of the extrasynaptic GABAARs that mediate tonic inhibition (Gulinello et
al, 2001; Hsu & Smith, 2003; Hsu et al, 2003). Acute stress is generally believed to
lower seizure susceptibility due to an increase in the concentration of neurosteroids
with anticonvulsant properties through the conversion of the stress hormone
deoxycorticosterone (DOC) into its metabolite THDOC. The increase in THDOC along
with an increase in allopregnanolone is associated with an increase in α4 and δcontaining GABAARs and enhanced tonic inhibition (Reddy & Rogawski, 2002).
Furthermore, short-term exposure to exogenous neurosteroids increased α4 and δ
GABAAR subunit expression along with augmenting tonic inhibition (Gulinello et al,
2001; Hsu et al, 2003). In addition to acute stress, an increase in the neurosteroid
precursor progesterone during the luteal phase of the ovarian cycle is associated
with an increase in δ-containing GABAARs and tonic inhibition (Maguire et al, 2005).
In contrast, chronic stress is generally assumed to be a pro-convulsant factor in part
due to a decrease in the levels of circulating neurosteroids and a reduction in tonic
inhibition (Maguire & Mody, 2009; Reddy & Rogawski, 2010; Reddy & Rogawski,
2012). Furthermore, chronic stress with its associated decrease in neurosteroid
levels

and
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schizophrenia (Longone et al, 2008; Maguire & Mody, 2009). Fluctuations in
neurosteroid levels and dysfunction in tonic inhibition have also been hypothesized to
contribute to the negative mood and aggression encountered during puberty and the
development of premenstrual syndrome (PMS), postpartum depression and over the
menstrual cycle (Maguire & Mody, 2009; Maguire et al, 2005; Reddy & Rogawski,
2002; Reddy & Rogawski, 2012). In catamenial epilepsy, increased seizure
susceptibility is correlated with fluctuations in neurosteroid levels during the different
phases of the menstrual cycle; this change in seizure susceptibility is associated with
alterations in tonic inhibition (Maguire & Mody, 2007; Maguire et al, 2005).

Pathological conditions associated with deficits in tonic inhibition
In addition to states associated with fluctuations in neurosteroid levels, deficits in
tonic inhibition and a decrease in the expression of extrasynaptic GABA ARs have also
been observed in neurodevelopmental disorders such as autism spectrum disorders,
Fragile X and epilepsy (D'Hulst & Kooy, 2007; Lozano et al, 2014; Olmos-Serrano et
al, 2011). Dysfunction in tonic inhibition has been implicated in seizure disorders
encompassing both primary generalized seizures and partial seizures. Alterations in
the expression of extrasynaptic GABAA receptors that lead to deficits in tonic
inhibition underlie some mouse models of temporal lobe epilepsy (Brickley & Mody,
2012; Coulter & Carlson, 2007; Zhang et al, 2007). Furthermore, dysfunction of
tonic inhibition resulting from missense mutations involving the δ subunit has been
documented in several forms of epilepsy including generalized epilepsy with febrile
seizures,

childhood

absence

seizures,

idiopathic

generalized

epilepsy,

febrile

seizures, juvenile myoclonic epilepsy and temporal lobe epilepsy (Macdonald et al,
2004).

31

In addition, patients with autism spectrum disorders such as Fragile X are commonly
comorbid with epilepsy and seizure disorders and a Fragile X mouse model of ASD
exhibited deficits in tonic inhibition (Braat et al, 2015; El Idrissi et al, 2005; Fatemi
et al, 2013; Gantois et al, 2006; Olmos-Serrano et al, 2011). In addition, reduced
expression of extrasynaptic GABAARs in Fragile X mice was reported in several brain
regions including the thalamus, amygdala and hippocampus (El Idrissi et al, 2005;
Fatemi & Folsom, 2014). In post-mortem tissue from ASD patients, a reduced
expression of the extrasynaptic α4-α6 and δ subunits were reported along with
deficits in β3 expression (Fatemi & Folsom, 2014; Fatemi et al, 2009). Therefore,
influencing the expression of extrasynaptic GABA ARs and augmenting tonic inhibition
may be a novel therapeutic intervention in pathological states involving not only
fluctuations in steroid levels but also neurodevelopmental disorders such as ASD.

β3 GABAAR subunit in the pathophysiology of ASD
In addition to deficits in tonic inhibition, mutations to the GABAAR β3 subunit have
been strongly linked to ASDs and epilepsy. Both deletions and duplications of the
region at 15q11-13 where the GABRB3 gene that encodes the β3 protein resides
along with expression of a rare variant of the GABRB3 gene have been associated
with ASDs (Delahanty et al, 2011; Hogart et al, 2007; Thatcher et al, 2005). The
15q11-13 region containing the GABRB3 gene is subjected to genomic imprinting
where only one parental allele is expressed while the other is silenced (imprinted).
The neurogenetic disorder, Angelman syndrome, is a result of the inheritance of an
imprinted allele inherited from the father and a nonfunctional maternally-derived
allele. Angelman syndrome is characterized by severe intellectual disability and
developmental delay, sleep disturbances and a high likelihood of comorbid seizure
disorders and the majority of Angelman syndrome patients fall within the diagnostic
criteria for ASDs (Bird, 2014) Prader-Willi syndrome results from the imprinting of
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the maternally derived allele and the inheritance of a nonfunctional paternally
derived allele. Patients with Prader-Willi syndrome exhibit ASD-like traits including
intellectual and speech delays (Hogart et al, 2007). Targeted disruption of the
GABRB3 gene such as in the β3 knockout mouse resulted in a 90% mortality rate at
birth; the surviving population exhibited ASD-like traits such as impaired social
interaction,

hyperactivity

and

hypersensitivity

to

touch,

seizures

and

sleep

abnormalities (DeLorey et al, 2008). Given that deficits in the expression of β3 can
lead to autistic phenotypes, it is surprising to note that an upregulation of β3 can
result in the same outcome. In fact, duplication of the maternally-derived 15q11-13
region is the most commonly encountered copy number variant associated with
genetically inherited autism and accounts for roughly 1-3% of all ASD cases (Hogart
et al, 2007; Thatcher et al, 2005). In addition to deletions and duplications,
inheritance of a rare variant of the β3 gene has also been associated with ASD. Cells
possessing heterologous expression of this variant exhibited decreased GABAergic
inhibition along with reduced expression of β3 at the plasma membrane (Delahanty
et al, 2011). Therefore, dysregulation of β3 expression is frequently associated with
autistic phenotypes.

Phosphorylation-dependent regulation of GABAARs
Phosphorylation of GABAAR subunits can dynamically regulate their expression and
thereby, GABAergic inhibition, by altering their trafficking and stability at the plasma
membrane. PKC-mediated phosphorylation of β3-containing GABAARs at serines 408
and 409 decreases its rate of endocytosis through inhibiting the interaction of the
clathrin adaptor protein, AP2 with the intracellular domain of β3, thereby increasing
β3 membrane surface expression (Jacob et al, 2009). Likewise, PKC-mediated
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phosphorylation regulates the cell surface expression of extrasynaptic α4-containing
GABAARs through increasing the rate of insertion of α4 to the cell surface. In vitro
experiments revealed that α4 subunits are phosphorylated in a PKC-dependent
manner at serine 443 within the intracellular loop of α4 and phorbol ester activation
of PKC increased α4 cell surface expression and stability (Abramian et al, 2010). In
addition, it has long been known that increasing the cell surface expression of
synaptic GABAA receptors increases GABA-mediated inhibition (Vithlani & Moss,
2009). It is not entirely clear how phosphorylation in vivo influences extrasynaptic
GABAA receptor function although we have shown that PKC activation increases the
cell surface expression of extrasynaptic subunits which may result in increased tonic
inhibition at the cellular level (Jacob et al, 2009).

Additionally, a prevailing hypothesis proposes a direct relationship between PKCdependent phosphorylation of GABAARs and neurosteroid activity (Abramian et al,
2010; Comenencia-Ortiz et al, 2014; Fancsik et al, 2000; Harney et al, 2003; Vicini
et

al,

2002).

potentiation

of

Altering

PKC-mediated

GABAAR

function

in

phosphorylation

several

distinct

impacts
brain

neurosteroid

regions.

In

the

hypothalamus, application of allopregnanolone slowed the decay of IPSCs, an effect
that was abolished by inhibiting PKC activation (Fancsik et al, 2000). In contrast, in
post-partum female animals, inhibiting PKC activation prolonged the decay of IPSCs
(Koksma et al, 2003). However, fluctuations in the levels of neurosteroids during
parturition

has

been

shown

to

influence

GABAAR

subunit

composition

and

neurosteroid sensitivity suggesting that these conflicting reports on the effects of
PKC activation on neurosteroid modulation of GABAARs may be influenced by the
subunit composition of GABAARs rather than differences in the effect of PKC
phosphorylation on neurosteroid activity upon GABAARs.
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In the hippocampus, PKC activation promotes the positive modulatory activity of
neurosteroids

on

GABAAR

function.

Strikingly,

PKC

activation

increased

the

neurosteroid sensitivity of DGGCs within the hippocampus resulting in a response in
DGGCs to a neurosteroid concentration that produced no response prior to PKC
stimulation, consistent with PKC-dependent neurosteroid modulation of GABAARs
(Harney et al, 2003). In the cerebellum, neurosteroid potentiation of GABA AR activity
was decreased in GABAAR δ subunit knockout mice, an outcome that was reversed to
control levels by activating PKC (Vicini et al, 2002). On the other hand, PKC-ε
knockout mice displayed an increase in neurosteroid sensitivity although they also
exhibited an increase in barbituate and benzodiazepine sensitivity suggesting that
global changes in GABAAR activity may underlie these behavioral effects rather than
a specific interaction between PKC with neurosteroids (Hodge et al, 1999; Hodge et
al, 2002).

Recent work in our lab has shown that neurosteroid treatment and PKC activation
increased the membrane insertion of the extrasynaptic α4 subunit and enhanced
tonic conduction (Abramian et al, 2010; Comenencia-Ortiz et al, 2014). Furthermore,
when S408/9 of β3 have been mutated to alanines (S408/409A), the increase in α4
PKC-mediated phosphorylation is abolished and THDOC fails to increase the cell
surface expression of α4. Collectively our results suggest that in addition to acting as
a positive allosteric modulator, neurosteroid treatment may act through a novel
mechanism to increase PKC phosphorylation leading to an enhancement in the
membrane stability of extrasynaptic GABAARs. Additionally, these data suggest that
the regulation of the extrasynaptic α4 by THDOC is dependent upon PKC-mediated
phosphorylation of S408/9 of β3 and preventing β3 phosphorylation may reduce the
responsiveness of the extrasynaptic GABAAR subtypes to neurosteroid treatment.
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Therefore, the relationship between neurosteroid activity and PKC phosphorylation of
extrasynaptic

GABAARs

remains

to

be

elucidated.

Additionally,

given

the

phosphorylation-dependent regulation of β3 expression and the deficits observed in
tonic inhibition associated with mutating the major phosphorylation sites of β3, PKC
phosphorylation in disorders associated with changes in

β3 expression and

dysfunction in tonic inhibition such as autism spectrum disorders remains to be
determined. The goals of this thesis were to elucidate the molecular mechanisms
underlying

neurosteroid-enhanced

PKC-dependent

regulation

of

extrasynaptic

receptors and to understand its effects on the function of extrasynaptic GABA ARs.
Additionally, we established the contribution of β3 PKC phosphorylation in the
pathophysiology of ASDs.
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CHAPTER 2

Methods and materials
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Mice
All protocols were approved by Tufts University’s Institutional Animal Care and Use
Committee and in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. 10-12 week old male S408/9A mice, 3-5 week
old male Fmr1 knockout mice and the corresponding wild-type (WT) littermates were
housed in a 12 hour light/dark cycle with standard rodent food and water ad libitum.
For behavioral testing, animals were acclimatized to the testing room for 1 hour prior
to the start of all procedures.

Heterozygous female Fmr1+/- mice on a C57BL/6J background were purchased from
Jackson Labs (Jackson Labs; Bar Harbor, ME, cat. # 3025) and succeeding
generations were generated at Tufts University by crossing with WT C57BL/6J male
mice. Gabrb3 (abbreviated β3) S408/9A mice were generated by gene targeting in
murine embryonic stem cells using standard techniques. Briefly, a targeting vector
was constructed containing 7.4 kb of homologous genomic sequence (from 3 kb
upstream of the 5’ end of exon 9 to 4.4 kb downstream of the 5’ end of exon 9. The
genomic DNA was subcloned from a substrain 129S5 BAC, obtained from the
Wellcome Trust Sanger Institute. In exon 9 (the final exon) the codons for serines
408 and 409 of the GABAAR β3 subunit were mutated to alanine codons (S408/9A).
A

loxP-flanked

neomycine

expression

cassette

(loxP-FRT-PGKneobpA-FRT-SA-

4xSv40pA-SD-loxP) was inserted 0.3 kb upstream of the 5’ end of exon 9. A HSV-TK
cassette for negative selection was positioned 3’ of the homology. The NotIlinearized targeting vector was electroporated into TC-1 ES cells (derived from
substrain 129S6, gift of Dr. Phil Leder, Department of Genetics, Harvard Medical
School). Correctly targeted clones were identified by PCR and sequenced to verify
the double point mutation and the loxP sites and injected into C57BL/6J mouse
blastocysts. Chimeric male mice were bred with wildtype C57BL/6J females, and the
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entire neomycin expression cassette excised by cre/loxP-mediated recombination.
Mice were backcrossed to C57BL/6J for a minimum of 10 generations. Experimental
animals were derived from heterozygous breedings. The proposed allele symbol for
the novel β3-S408/9A allele in the MGI database is Gabrb3tm2Uru.

Biochemistry
Antibodies Polyclonal rabbit antibodies against α2, α4, β2 and δ were gifts from Dr.
Verena Tretter and Dr. Werner Sieghart from Medical University Vienna. Anti-β3,
anti-phospho-β3

(phospho-S408/9

and

phospho-S383)

and

anti-phospho

α4

antibodies were generated and verified by the Moss laboratory (Jovanovic et al,
2004; Saliba et al, 2012). The following antibodies were purchased from commercial
vendors: monoclonal anti-α1 (NeuroMab; Davis, CA; clone N95/35), monoclonal antigephyrin (Synaptic Systems; Goettingen, Germany; cat. # 147011), monoclonal
actin (Sigma-Aldrich; St. Louis, MO; cat. # A2228).

Golgi staining For Golgi staining, we employed the protocol recommended by the
manufacturer of the FD Rapid GolgiStain™ Kit (FD NeuroTechnologies, Inc.,
Columbia, MD). Briefly, mice were deeply anesthetized and brains were rapidly
extracted and rinsed in Milli-Q water. Brains were immersed in the provided solutions
for 14 days at room temperature in the dark. Following Golgi–Cox immersion, 200
μm-thick coronal sections were prepared on a vibratome. Sections were then
developed according to the manufacturer’s protocol and dehydrated in 50%, 75%,
95% and absolute ethanol, cleared in xylene and coverslipped with Permount
(Thermo Fisher Scientific, cat. # SP15). Dendritic spine analysis was performed on
dendritic spines located immediately adjacent to the dentate gyrus granule cell layer
in the molecular layer of the hippocampus using images collected with a 60x
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objective (Nikon, Tokyo, Japan).

Spine density in 30μm long sections was

calculated.

Immunohistochemistry 10-12 week old male mice were perfused intracardially with
4% paraformaldehyde, brains were dissected and immersed in 30% sucrose for 72
hours and 40 μm thick sections were prepared from fresh frozen tissue using a
microtome. Free-floating sections were processed for immunohistochemistry. Tissue
was extensively rinsed in BupH-PBS (Thermo Fisher Scientific) and blocked for 1 h in
10% BSA with 0.3% Triton X-100 in BupH-PBS. Tissue was incubated overnight at
room temperature with the indicated antibodies, extensively rinsed in BupH-PBS and
incubated for 2 h in Alexa Fluor 488 and/or Alexa Fluor 568 secondary antibodies
(Life Technologies, Thermo Fisher Scientific). After extensive rinsing with BupH-PBS,
tissue were mounted, dried and coverslipped with ProLong Gold anti-fade reagent
with DAPI (Invitrogen). Images were obtained with a Nikon Ti microscope (Nikon),
and analyzed with ImageJ software. Controls consisted of incubating slices in the
absence of primary antibody.

Western blot Hippocampi were rapidly dissected, flash-frozen and lysed in lysis buffer
composed of the following: 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Triton X100, 5 mM EDTA, 10 mM NaF, 2 mM Na3VO4, 10 mM pyrophosphate, 0.1% SDS, 50
mM NaF. Total protein concentration was established and 40 μg of hippocampal
lysate were subjected to SDS-PAGE and transferred to nitrocellulose membranes and
blocked with 5% bovine serum albumin in TBS-T for 1 hour. Membranes were
immunoblotted with the indicated primary antibodies and following extensive rinsing,
probed with HRP-conjugated secondary antibodies and detected with enhanced
chemiluminescence. Blots were imaged and data was normalized to actin and
quantified with the CCD-based LAS 3000 system (FujiFilm; Tokyo, Japan).
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Hippocampal slice preparation with THDOC treatment 350 μm thick hippocampal
slices from 10–12 week-old male WT control (C57BL/6) mice or age-matched male
S408/9A mice were prepared on a vibratome (Leica VT1000S) in cold oxygenated
artificial cerebral spinal fluid (ACSF) composed of: 124 mM NaCl, 3 mM KCl, 25 mM
NaHCO3, 2 mM MgSO4, 2 mM CaCl2, 1.1 mM NaH2PO4, and 10 mM glucose, pH 7.4.
After sectioning, slices were allowed a 1 hour recovery period in oxygenated, ice-cold
ACSF. For drug treatment, after the recovery period, slices were incubated with
DMSO, 100nM THDOC formulated in DMSO (Sigma-Aldrich; St. Louis, MO cat. #
P2016) for the indicated time period or pretreated for 10 minutes with 1 μM
GF109203X (GFX; Tocris, cat. # 0741) followed by 100nM THDOC for the defined
time period. Following 3 rinses in ice-cold ACSF to remove excess drug, hippocampal
samples were lysed as described above. After adjusting for protein concentration, 40
μg of hippocampal lysate were subjected to SDS-PAGE followed by immunoblotting
with the indicated antibodies. Immunoblots were quantified using the CCD-based
LAS 3000 system (FujiFilm, Tokyo, Japan). For phospho-specific antibodies, the ratio
of phospho-β3 (or phospho-α4) /total-β3 (or total α4) was calculated and S408/9A
values were normalized to WT control (100%).

Surface biotinylation 350 μm thick hippocampal slices from 10–12 week-old male WT
control (C57BL/6) mice or age-matched male S408/9A mice were prepared on a
vibratome (Leica VT1000S) in cold oxygenated artificial cerebral spinal fluid (ACSF)
composed of: 124 mM NaCl, 3 mM KCl, 25 mM NaHCO3, 2 mM MgSO4, 2 mM CaCl2,
1.1 mM NaH2PO4, and 10 mM glucose, pH 7.4. After sectioning, slices were allowed a
1 hour recovery period in oxygenated, ice-cold ACSF. Following the recovery period,
slices were incubated for 30 min at 4°C with 1 mg/ml NHS-SS-biotin (Pierce,
Rockford, IL). Following 3 rinses in ice-cold ACSF to remove excess biotin,
hippocampal

samples

were

lysed.

After

adjusting

for

protein

concentration,
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hippocampal lysate were incubated with Streptavidin beads (Pierce, Rockford, IL)
overnight at 4°C. Bound substances were subjected to SDS-PAGE followed by
immunoblotting with the indicated antibodies. Immunoblots were quantified using
the CCD-based LAS 3000 system (FujiFilm, Tokyo, Japan). For phospho-specific
antibodies, the ratio of phospho-β3/total-β3 was calculated and S408/9A values were
normalized to WT control (100%).

Surface biotinylation with THDOC treatment 350 μm thick hippocampal slices from
10–12 week-old male WT control (C57BL/6) mice or age-matched male S408/9A
mice were prepared on a vibratome (Leica VT1000S) in cold oxygenated artificial
cerebral spinal fluid (ACSF) composed of: 124 mM NaCl, 3 mM KCl, 25 mM NaHCO3,
2 mM MgSO4, 2 mM CaCl2, 1.1 mM NaH2PO4, and 10 mM glucose, pH 7.4. After
sectioning, slices were allowed a 1 hour recovery period in oxygenated, ice-cold
ACSF. Slices were then incubated with 100nM THDOC (Sigma-Aldrich; St. Louis, MO
cat. # P2016) for 10 minutes or pretreated for 10 minutes with 1 μM GF109203X
(GFX; Tocris, cat. # 0741) followed by 100nM THDOC for 10 minutes. For surface
biotinylation, slices were rinsed 3 times in ice-cold ACSF and then incubated for 30
min at 4°C with 1 mg/ml NHS-SS-biotin (Pierce, Rockford, IL). Following 3 rinses in
ice-cold ACSF to remove excess biotin, hippocampal samples were lysed. After
adjusting for protein concentration, hippocampal lysate were incubated with
Streptavidin beads (Pierce, Rockford, IL) overnight at 4°C. Bound substances were
subjected to SDS-PAGE followed by immunoblotting with the indicated antibodies.
Immunoblots were quantified using the CCD-based LAS 3000 system (FujiFilm,
Tokyo, Japan). For phospho-specific antibodies, the ratio of phospho-β3 (or phosphoα4) /total-β3 (or total α4) was calculated and S408/9A values were normalized to WT
control (100%).
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Electroencephalogram (EEG) recording
Electroencephalogram (EEG) recording without drug treatment Age-matched male
littermates, aged 10-12 weeks, were used for recording EEGs in awake, behaving
animals.

Mice

were

deeply

anesthetized

and

implanted

with

prefabricated

headmounts containing 6-pin connectors with 2 EMG reference electrodes (Pinnacle
Technology; Lawrence, KS)

2.0 mm posterior to bregma, along the midsagittal

suture and 2 mm below the dura. Following a 1-week recovery period, EEG activity
was monitored using the Pinnacle Technology turnkey system with a 100x amplifier
and high pass filtered at 1.0 Hz (PowerLabs; ADInstruments, Colorado Springs, CO).
A 30 minute baseline was obtained prior to an i.p. injection of 20 mg kg -1 kainic acid
(Tocris) followed by continuous EEG monitoring for an additional 120 minutes.
Epileptiform activity was defined as electrographic events with amplitudes greater
than the 2 times the standard deviation of the averaged baseline that last a
minimum of 10 seconds and are separated from another event by greater than 10
seconds. Epileptiform activity was additional confirmed by an increase in the power
and frequency of high-amplitude events. Latency to the first seizure was defined as
the time from the injection of kainic acid until the first electrographic seizure.
Duration of epileptiform activity was calculated from the cumulative time in minutes
of epileptiform activity divided by 120 minutes. The onset of status epilepticus was
defined as epileptiform activity lasting longer than 5 minutes with no silent period
greater than 10 seconds. Duration of epileptiform activity, latency to the first
epileptiform event and latency to onset of status epilepticus were quantified using
LabCharts version 7 (ADInstruments; Colorado, CO).

Electroencephalogram (EEG) recording with THDOC treatment Age-matched male
littermates, aged 10-12 weeks, were used for recording EEGs in awake, behaving
animals.

Mice

were

deeply

anesthetized

and

implanted

with

prefabricated
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headmounts containing 6-pin connectors with 2 EMG reference electrodes (Pinnacle
Technology; Lawrence, KS)

2.0 mm posterior to bregma, along the midsagittal

suture and 2 mm below the dura. Following a 1-week recovery period, EEG activity
was monitored using the Pinnacle Technology turnkey system with a 100x amplifier
and high pass filtered at 1.0 Hz (PowerLabs; ADInstruments, Colorado Springs, CO).
A 30 minute baseline was obtained prior to an i.p. injection of 20 mg kg-1 kainic acid
(Tocris). After mice reached stage 3-4 motor seizures on the Racine scale (forelimb
clonus/rearing with forelimb clonus) they were given an i.p. injection of 100mg/kg
THDOC (Sigma-Aldrich; St. Louis, MO cat. # P2016) or the equivalent amount of
vehicle consisting of 4 parts saline to 1 part cremaphor (Sigma-Aldrich; St. Louis, MO
cat. # C5135) followed by continuous EEG monitoring for an additional 120 minutes.
For analysis, epileptiform activity was defined as electrographic events with
amplitudes greater than the 2 times the standard deviation of the averaged baseline
that last a minimum of 10 seconds and are separated from another event by greater
than 10 seconds. Epileptiform activity was additionally confirmed by an increase in
the power and frequency of high-amplitude events. Total power for the 5 sec at 60
sec preceding drug injection were quantified and compared to the total power for the
5 sec at 15 min after drug injection using LabCharts version 7 (ADInstruments;
Colorado, CO).

Electrophysiology
Brain slice preparation. The brains of male mice were rapidly dissected and placed in
oxygenated ice cold artificial cerebrospinal fluid (ACSF) solution containing (mM):
225 sucrose, 2.95 KCl, 1.25 NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 10 MgSO4, 10 dglucose, 3 kynurenic acid and bubbled with 95% O 2/5% CO2 (330–340 mosmol−1).
Coronal (350 μm thick) slices were cut using a Vibratome (St Louis, MO, USA). The
slices were then incubated at -33ºC in ACSF containing (in mM): 126 NaCl, 2.5 KCl,
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26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 10 d-glucose, and 2 MgCl2 saturated with 95%
O2-5% CO2 (pH 7.4; 300–310 mosmol−1) for a minimum of 1 h prior to
experimentation. Hippocampal

slices were viewed

on a

fixed stage upright

microscope (Nikon FN-1) with a 40x water immersion objective equipped with DIC/IR
optics. Slices were maintained at 32ºC and gravity-superfused with ACSF solution
throughout experimentation.

For current-clamp recordings in S408/9A mice, slices

were incubated in ACSF in the absence of kynurenic acid.

Input–output curves were

produced from dentate gyrus granule cells (Lee & Maguire, 2013; MacKenzie &
Maguire, 2015). Visually identified dentate gyrus granule cells were injected with 0.5
s square wave current injections from 20 to 300 pA in 20 pA increments.

For voltage-clamp recordings, the internal pipette solution contained (in mM) 140
CsCl, 1 MgCl2, 0.1 EGTA, 10 HEPES, 2 Mg-ATP, 4 NaCl and 0.3 Na-GTP (pH = 7.25,
280–290 mosM). Series resistance and whole cell capacitance were continually
monitored throughout the experiment. After these parameters stabilized for a
minimum of 5 mins, synaptic currents were recorded using an Axopatch 200B
amplifier (Molecular Devices, Sunnyvale, CA), filtered at 2 kHz, sampled at 20 kHz,
digitized (Digidata 1320A; Molecular Devices), and stored for off-line analysis (using
Minianalysis, Synaptosoft Inc, Decatur GA). Access resistance of 10–20 MΩ; (~80%
compensation) was monitored using a -5 mV voltage step, and data from cells was
discarded when >20% change occurred.

Electrophysiology with THDOC treatment The brains of male mice were rapidly
dissected and placed in oxygenated ice cold artificial cerebrospinal fluid (ACSF)
solution containing (mM): 225 sucrose, 2.95 KCl, 1.25 NaH2PO4, 26 NaHCO3, 0.5
CaCl2, 10 MgSO4, 10 d-glucose, 3 kynurenic acid and bubbled with 95% O2/5% CO2
(330–340 mosmol−1). Coronal (350 μm thick) slices were cut using a Vibratome (St
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Louis, MO, USA). The slices were then incubated at -33ºC in ACSF containing (in
mM): 126 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 10 d-glucose, and 2
MgCl2 saturated with 95% O2-5% CO2 (pH 7.4; 300–310 mosmol−1) for a minimum
of 1 h prior to experimentation. Hippocampal slices were viewed on a fixed stage
upright microscope (Nikon FN-1) with a 40x water immersion objective equipped
with DIC/IR optics. Slices were maintained at 32ºC and gravity-superfused with
ACSF solution throughout experimentation.

For voltage-clamp recordings, the

internal pipette solution contained (in mM) 140 CsCl, 1 MgCl 2, 0.1 EGTA, 10 HEPES,
2 Mg-ATP, 4 NaCl and 0.3 Na-GTP (pH = 7.25, 280–290 mosM). Series resistance
and whole cell capacitance were continually monitored throughout the experiment.
Following a 5 min period for stabilization after obtaining the whole cell recording
conformation, 100nM THDOC formulated in DMSO was applied through perfusion and
synaptic currents were recorded using an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA), filtered at 2 kHz, sampled at 20 kHz, digitized (Digidata
1320A; Molecular Devices), and stored for off-line analysis (using Minianalysis,
Synaptosoft

Inc,

Decatur

GA).

Access

resistance

of

10–20

MΩ;

(~80%

compensation) was monitored using a -5 mV voltage, and data from cells was
discarded when >15% change occurs.

Electrophysiology Analysis. sIPSCs were analysed using pClamp 9.2 (Clampfit, Axon
Instruments) and MiniAnalysis software using pooled population data expressed as
mean  s.e.m. The decay phase was fitted with a mono-exponential function (τ
decay), rise time was analyzed by comparing the mean to 10-90 % rise time. Tonic
current was calculated as the difference between the holding current before and after
application of the indicated GABAAR antagonist (≥ 200 μM SR95531, or 100 μM
picrotoxin). The mean holding current of a 10 ms epoch was sampled every 100 ms
for a single data point and a Gaussian fit was applied to the resulting all-points
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histogram. Epochs containing synaptic events or an unstable baseline were excluded
from the analysis. Input-output curves were fitted with a Boltzmann function: f(W) =
Max/ (1 + exp [(I − I50)/k]) where Max= maximum response, k= slope, and I50=
amplitude of current that produces 50% of the maximum response.

Behavior
Open-field test Following a thorough cleaning with 70% ethanol of the arena,
individual mice were placed in the center of a 40 x 40 cm arena, and movement was
digitally tracked (EthoVision XT 7.0, Noldus Technology). Time spent in a pre-defined
center arena and total distance traveled was calculated.

Light-dark box assay Following a thorough cleaning with 70% ethanol of the two
equally-sized chambers (each chamber is 21 x 21 cm), individual mice were placed
in the dark chamber and allowed to freely roam between the dark and light
chambers. Movement and time spent in the different chambers was digitally tracked
and calculated (EthoVision XT 7.0, Noldus Technology).

Marble burying Mice were transferred into a new cage with 6-inch deep bedding and
20 glass marbles were placed evenly spaced apart in a 4x5 pattern on its surface.
Mice were individually placed in the cage and the number of marbles buried to 2/3
their depth after 30 minutes were counted.

2-choice social assay In the 2-choice assay, the subject mouse is place at the bottom
of a T-shaped container made of Plexiglass with 2 perpendicular arms (the long arm
is 63.5 cm x 10 cm and each short arm is 55 cm x 10 cm, surrounded by 32 cm high
walls.

All chambers and wire cups were cleaned with 70% ethanol between each

subject mice. The first session is a habituation period where the subject mouse was
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able to freely roam among the three arms. This session was followed by a testing
session where a novel object (empty cup) was placed in the left arm or novel mouse
(stranger mouse under wire cup) was placed in the right arm. The subject mouse
was freely able to move among all three arms and the cumulative time spent in the
left or right arm was digitally tracked and quantified. (EthoVision XT 7.1).

Social novelty On the first day of training, mice were exposed to the open field arena
(40 x 40 cm) for 10 min. On the second day of training, mice were placed in an
empty open field arena for five minutes followed by five minutes of exposure to two
empty cages. On the third day, testing for social novelty was carried out by placing
the subject mouse in an empty open field arena for five minutes followed by another
five minutes where an empty cage (familiar object) or a novel object (empty salt
shaker) was placed in opposite corners of the open field arena. The amount of time
the mice spent exploring in a predefined zone around the objects was digitally
tracked (EthoVision XT 7.0, Noldus Technology).

Three-chamber social test We constructed a three-chamber apparatus with plexiglass
containing three equally-sized chambers (30 cm x 30 cm); two doors that can be
remotely opened separate the middle chamber from the left and right chambers. A
wire cup (4”diameter; Item #: 010591315704; organizeit.com) was used as the
empty cage or housed a stranger mouse (novel mouse) and the sniff zone 5 cm from
the center of the wire cup was predefined. All chambers and wire cups were cleaned
with 70% ethanol between each subject mice. A 10 minute habituation period where
the subject mouse was placed in the center chamber with the doors to the other
chambers closed was followed by another 10-min session where the subject mouse
was able to freely roam among all three chambers. These sessions were followed by
a third 10-min session where a novel object (empty cup) was placed in the left
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chamber or novel mouse (stranger mouse under wire cup) was placed in the right
chamber. The subject mouse was freely able to move among all three chambers and
the amount of time it spent in the predefined sniff zone (5 cm radius proximal to
each cage) was digitally monitored (EthoVision XT 7.1). A fourth 10-minute session
was employed to test for social novelty where a second stranger mouse was placed
in the previously empty cage. The subject mouse was then able to freely roam
among all three chambers with the right chamber holding the previously encountered
mouse (familiar mouse) and the left chamber holding the novel mouse (stranger
mouse). Cumulative time spent in the left or right sniffing zones was digitally tracked
and quantified (EthoVision XT 7.1).

Locomotor assay Mice were individually placed into new cages with no bedding and
vehicle (4 parts saline to 1 part cremaphor; Sigma-Aldrich; St. Louis, MO cat. #
P2016), 10mg/kg THDOC, 20 mg/kg THDOC, 30 mg/kg THDOC or 40 mg/kg THDOC
was i.p. injected and total distance traveled over 120 minutes was digitally tracked
(EthoVision XT 7.0, Noldus Technology).

Light-dark box assay with THDOC treatment Following a thorough cleaning with 70%
ethanol of the two equally-sized chambers (each chamber is 21 x 21 cm), individual
mice i.p. injected with vehicle (4 parts saline to 1 part cremaphor) or 10 mg/kg
THDOC (Sigma-Aldrich; St. Louis, MO cat. # P2016). After 10 minutes, mice were
placed in the dark chamber and allowed to freely roam between the dark and light
chambers. Movement and time spent in the different chambers was digitally tracked
and calculated (EthoVision XT 7.0, Noldus Technology).
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Loss of righting reflex (LORR) with drug treatment Mice were given an i.p. injection
of 100 mg/kg THDOC formulated in 4 parts saline to 1 part cremaphor (SigmaAldrich; St. Louis, MO cat. # P2016) or 200 mg/kg propofol (Sigma-Aldrich; St.
Louis, MO cat. # D126608). When mice became ataxic, they were placed supine in a
V-shaped trough. Loss of righting reflex (LORR) was defined as when mice were
unable to right themselves within 10 seconds. The latency to LORR was defined as
the amount of time from the injection until the onset of LORR. The duration of LORR
was measured as the start of loss or righting reflex until the mice were able to right
themselves.

Statistical Analysis
All data are presented as mean ± S.E.M. and analyzed with Student’s t-test, oneway ANOVA with Turkey’s multiple comparison test, and two-way ANOVA with
Bonferroni’s

post

hoc

comparison.

Unless

otherwise

indicated,

P<0.05

was

considered statistically significant. All analyses were done using Prism 6 (GraphPad).
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GABAA receptors (GABAARs) are Cl- selective ligand gated ion channels that mediate
phasic and tonic inhibition in the adult brain. Consistent with their essential function
in limiting neuronal excitability, benzodiazepines, barbiturates, general anesthetics
and neurosteroids exert their anxiolytic, anti-convulsant, hypnotic and sedative
effects via potentiating GABAAR activity (Rudolph & Mohler, 2006; Sieghart & Sperk,
2002). GABAARs are heteropentamers constructed from α1-6, β1-3, γ1-3, δ, ε, θ
and π subunits. Phasic inhibition is principally mediated by receptors assembled
from α1-3, β1-3 and γ2 subunits while those that mediate tonic inhibition contain
α4-6, β1-3 and δ (Brickley & Mody, 2012; Mody, 2001). Studies using knockout mice
have shown that the β3 subunit is an essential component of receptor subtypes that
mediate phasic and tonic inhibition (Rudolph and Mohler, 2006; Sieghart and Sperk,
2002). Together with the Fmr1 Fragile X mental retardation gene, mutations to the
15q11-13 locus where the GABAA receptor β3 gene resides are the leading
monogenetic causes of autism spectrum disorders (ASDs) (Abrahams & Geschwind,
2008; Chakrabarti et al, 2009). Moreover β3 subunit mutations have been described
in seizure disorders and alterations in subunit expression levels have also been
reported in ASDs (Delahanty et al, 2011; El Achkar & Spence, 2015; Han et al,
2014; Han et al, 2012; Tanaka et al, 2008).

In vitro studies have revealed that the β3 subunit regulates the plasma membrane
accumulation and synaptic targeting of GABAARs via phosphorylation of the
intracellular serine residues 408 and 409 (S408/9). S408/9 are substrates of cAMPdependent (PKA), protein kinase C (PKC), Ca2+-calmodulin type 2 dependent protein
kinases

(CamKII),

and

cGMP-dependent

protein

kinase

and

are

principally

dephosphorylated by protein phosphatase 2A (Nakamura et al, 2015). S408/9 are
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the principal mediators of high affinity binding to the clathrin adaptor molecule AP2
within the β3 subunit and thereby facilitate GABAAR endocytosis (Kittler et al, 2005).
Phosphorylation of S408/9 reduces the affinity of the β3 subunit for AP2 by 100 fold
and mutation of S408/9 to alanine residues (S408/9A) has been shown to mimic the
effects of phosphorylation on AP2 binding to the β3 subunit (Kittler et al, 2005;
Terunuma et al, 2008). Accordingly overexpression of the mutant β3 S408/9A
subunit in cultured hippocampal neurons leads to an increase in the number and size
of inhibitory synapses (Jacob et al, 2009).

Studies in animal models of ASD have reported modifications in the expression levels
of some GABAAR mRNAs and subunits (Cea-Del Rio & Huntsman, 2014; Martin et al,
2014; Martin & Huntsman, 2012; Olmos-Serrano et al, 2010; Paluszkiewicz et al,
2011a; Paluszkiewicz et al, 2011b; Vislay et al, 2013). However the mechanisms
underlying these alterations in subunit expression and if they contribute to ASDs
remain to be addressed. Therefore in this study we have analyzed whether β3
subunit phosphorylation may contribute to the pathophysiology of ASDs. To do so,
we first examined phosphorylation of the β3 subunit in Fmr1 knockout mice, a widely
studied model of ASDs. Phosphorylation of S408/9 was specifically increased in Fmr1
knockout mice and mirrored a dramatic deficit in tonic, but increased phasic
inhibition. Significantly, transgenic knock-in mice in which S408/9 were mutated to
alanines (S408/9A) exhibited identical deficits in GABAergic inhibition to those seen
in Fmr1 knockout mice. Finally S408/9A mice exhibited alterations in dendritic spine
structure, increased repetitive behavior, and deficits in social interaction, all of which
are hallmarks of ASDs in humans. Collectively, our results suggest that modifications
in the phospho-dependent modulation of the β3 subunit lead to alterations in the
“equilibrium” between phasic and tonic inhibition and may contribute to both the
anatomical and behavioral deficits seen in ASD.
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Results
β3

phosphorylation

is

increased

in

Fmr1

knockout

mice

(Fragile

X

syndrome, FXS) along with alterations in GABAergic inhibition

Phosphorylation of the β3 subunit regulates GABAAR exo- and endocytosis and
thereby their residence time on the neuronal plasma membrane (Jacob et al, 2009).
To evaluate the significance of this process for ASDs, we assessed whether Fmr1
knockout

mice,

a

widely-accepted

model

of

ASD,

exhibited

alterations

in

phosphorylation of the β3 subunit. To do so we measured β3 subunit phosphorylation
in the hippocampus of C57BL6/J Fmr1 knockout mice. First we measured the
phosphorylation of S408/9 in the β3 subunit using a previously characterized
phospho-specific antibody (pS408/9) and a phosphorylation-independent anti-β3
antibody.

In

total

hippocampal

extracts

of

Fmr1

knockout mice,

pS408/9

immunoreactivity was significantly increased to 120.3 ± 6.3% of values seen in agematched controls (p < 0.01; n = 6, Fig. 3-1A). In contrast to S408/9,
phosphorylation of S383 was similar in WT and Fmr1 knockout mice (Fmr1 knockout
was 100.0 ± 7.8% of values seen in age-matched controls; p = 0.4681, n = 4-5,
Fig. 3-1A). Importantly similar selective enhancements were seen in S408/9
phosphorylation for Fmr1 knockout mutation on the FVB/NJ background (Fig 3-2).

To assess the functional implications of increased S408/9 phosphorylation, we
examined phasic and tonic GABAergic currents in the dentate gyrus of the Fmr1
knockout mice using whole-cell patch clamp in acute hippocampal slices. In Fmr1
knockout mice, the tonic current was significantly decreased compared to wild-type
controls (43.90± 6.1 vs 24.72 ± 5.7pA, for WT and Fmr1 knockout respectively; p <
0.05, n = 10-12, Fig. 3-1B). In Fmr1 knockout mice, the amplitude of spontaneous
inhibitory postsynaptic currents (sIPSC) were significantly increased compared to WT
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controls (32.4 ± 1.0 vs 45.7 ± 1.2 pA for WT and Fmr1 knockout respectively; p <
0.0001, n= 7, Fig. 3-1C). In addition, the decay of sIPSCs from Fmr1 knockout mice
were significantly prolonged compared to WT mice (5.5 ± 0.12 vs 8.2 ± 0.18 ms for
WT and Fmr1 knockout respectively; p<0.0001, n=7, Fig. 3-1C).

Collectively these studies demonstrate that Fmr1 knockout exhibit a selective
increase in the phosphorylation of S408/9 in the β3 subunit, an event that correlates
with reduced tonic, but enhanced phasic inhibition.

Figure 3-1. Characterization of β3 phosphorylation and GABAergic inhibition
in Fmr1 knockout (Fragile X syndrome) mice. A. Hippocampal lysate from WT
and Fmr1 knockout mice on a C57/Bl6 background were subjected to SDS-PAGE and
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immunoblotted with pS408/9, pS383 and β3 subunit antibodies. The pS408/9/β3 or
pS383/β3 ratios in Fmr1 knockout mice (FXS) were normalized to WT controls
(100%; red line).* = significantly different to control p0.01 (t-test, n= 4-6). B.
Tonic current in DGGCs was compared in Fmr1 knockout and WT controls in the
presence of 1 µM GABA alone or with picrotoxin (PTX). Left, Representative traces
from WT and Fmr1 knockout mice. Amplitude of tonic current is measure as the
difference in holding current before and after 100 M picrotoxin shown by dotted
line. Right, Current amplitude (middle) and current density (right) was significantly
reduced in Fmr1 knockout mice compared to WT controls. In all panels * = Fmr1
knockout significantly different to WT control, p 0.05 (t-test, n= 10-12). C. sIPSCs
were recorded from DGGCs and the mean amplitude between genotypes was
quantified. Left, Representative sweeps from WT and Fmr1 knockout mice. Right,
sIPSC amplitude (middle) and current decay (right). In all panels * = Fmr1 knockout
significantly different to WT control p<0.0001 (Mann-Whitney test, n= 7).

Figure 3-2. Characterization of β3 phosphorylation in Fmr1 knockout mouse
on FVB/NJ background. A. Hippocampal lysate from WT and Fmr1 knockout mice
on a FVB/N background were subjected to SDS-PAGE and immunoblotted with
pS408/9, pS383 and β3 subunit antibodies. The pS408/9/β3 or pS383/β3 ratios in
Fmr1 knockout mice were normalized to WT controls (100%; red line).* =
significantly different to control p˂0.001 (t-test, n= 3 mice).
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Creation of a transgenic S408/9A knock-in mouse. Phosphorylation of S408/9
has been shown to reduce the affinity of the β3 for the clathrin adaptor protein AP2.
Significantly, mutation of S408/9 to alanines effectively “mimics” the effects of their
phosphorylation by reducing the affinity of AP2 for the β3 subunit (Kittler et al,
2005). Therefore to assess if modifications in S408/9 phosphorylation contribute to
the pathophysiology of ASD we created a mouse in which these residues were
mutated to alanines using homologous recombination in ES cells (Fig 3-3). Mutation
of the respective codons in exon 9 of the β3 subunit was confirmed by DNA
sequencing (Fig 3-4A) and the respective mice were backcrossed on the C57BL/6J
background in excess of 10 generations. S408/9A homozygotes were viable and bred
normally and did not exhibit any overt phenotypes. Likewise there did not appear to
be any gross anatomical changes in the structure of the hippocampus (Fig 3-3,
bottom). In hippocampal slices from WT mice, treatment with the PKC activator
PDBu produced a large increase in pS408/9 immunoreactivity, an effect not
replicated in S408/9A mice (Fig. 3-4B). To control for possible global changes in
GABAAR phosphorylation mice we analyzed phosphorylation of Y367 in the γ2
subunit, an accepted substrate of Src family kinases (Jurd & Moss, 2010; Jurd et al,
2010; Tretter et al, 2009). Treatment of slices with vanadate, an inhibitor of tyrosine
phosphatases, induced similar increases in Y367 phosphorylation in WT and S408/9A
mice (Fig. 3-4B).
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Figure 3-3. Generation of transgenic S408/9A knock-in mice. Top, β3
S408/9A mice were generated by homologous recombination in ES cells. A targeting
plasmid was constructed that contained a floxed neomycin (Neo) selection cassette
in intron 8 of β3 genomic DNA and a flanking thymidine kinase negative selection
marker (TK). Following cre-mediated excision of the selection cassette in vivo, the
presence of the mutant codons in exon 9 was confirmed by DNA sequencing. Middle,
PCR product of WT and β3 S408/9A DNA samples detecting presence or absence of
the remaining loxP site. Bottom, No gross morphological changes were observed in
the hippocampus between β3 S408/9A mice and WT controls.
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Figure 3-4. GABAAR expression in S408/9A mice. A. S408/9A mice were
created by homologous recombination in ES cells, followed by Cre mediated excision
of the G418 selection cassette, and the presence of the mutant codons in exon 9 was
confirmed by DNA sequencing. B. Treatment of hippocampal slices from WT mice
with 100 nM phorbol dibutyrate increased pS408/9 immunoreactivity consistent with
published studies demonstrating that both residues are substrates of PKC. In
contrast, pS408/9 immunoreactivity was not detected in S408/9A mice. C.
Biotinylation revealed that the surface levels of the β3 subunits along with the
synaptic

α2

subunits

were

increased

in

the

S408/9A

mice,

while

surface

accumulation of GABAARs containing α4 subunits was decreased. Hippocampal slices
were subject to biotinylation followed by immunoblotting with anti-α2, α4 and β3
subunit antibodies. The ratio of surface/total were measured in S408/9A and WT
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control and values then normalized to WT control (100%, red line). * = significantly
different to control p˂0.05 (t-test, n= 5-6).

Characterization of GABAAR expression levels and synaptic targeting in
S408/9A mice.
Next we examine the effects of the S408/9A mutation on the cell surface
accumulation of the GABAARs using biotinylation. The S408/9A mutation increased
the cell surface expression levels of the β3 subunit to 145 ± 8 % of WT (p < 0.05; n
= 4, Fig. 3-4C) without modifying total subunit expression levels.

In the dentate

gyrus, phasic inhibition is mediated by GABAAR assembled from of α1/2, β2, β3, and
γ2, while subtypes containing α4-6, β2, β3 and δ subunits are responsible for tonic
current. Therefore we assessed the effects of the S408/9 mutation on the plasma
membrane accumulation of the receptor α2 and α4 subunits. The plasma membrane
levels of the α2 subunit were increased in S408/9A mice to 119.0 ± 5.2 % of control
(p < 0.05; n = 5-6, Fig. 3-4C). In contrast to this those containing the α4 subunit
were decreased to 81.0 ± 4.5% of levels seen in WT (p < 0.05; n = 6, Fig. 3-4C). In
contrast to the effects seen with GABAARs, the levels of gephyrin, postsynaptic
density protein-95, and the AMPA receptor subunit GluA1 were unaffected by the
S408/9A mutation (Fig. 3-5B).

To

characterize

the

subcellular

distribution

of

GABA ARs

in

S408/9A,

mice

hippocampal sections were subject to immunohistochemistry with antibodies against
the receptor α2, or α4 subunits. In some experiments sections were also stained with
antibodies against the inhibitory scaffold protein gephyrin. Sections were then
visualized using confocal microscopy and subunit expression levels were quantified
within the dentate gyrus. The number of inhibitory synapses as defined as
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α2/gephyrin puncta were increased in S408/9A mice compared to WT littermates
(23.4 ± 2.5 vs to 32.0 ± 0.6 for S408/9A and WT respectively; p<0.05; n=3, Fig 35A). In contrast to this, the number of puncta of α4 subunit immunoreactivity was
decreased (13.1 ± 1.2 vs to 37.4 ± 0.8 puncta/2500 μm 2 for S408/9A and WT
respectively; p < 0.001, Fig. 3-5A).

Collectively these results reveal that S408/9A mice have deficits in the cell surface
accumulation of GABAARs that mediate tonic but an increase in those that mediate
phasic inhibition. Moreover the number of inhibitory synapses is also increased in
S408/9A mutant mice.

Figure 3-5. Characterization of inhibitory synapses and post-synaptic
protein expression in S408/9A mice. A. 40 µm hippocampal slices were stained
with antibodies against the α2, α4 subunits and gephyrin fluorescent conjugated
secondary antibodies, followed by confocal microscopy. The number of α2/gephyrin
positive puncta and α4 puncta were then compared within the dentate gyrus
between genotypes. Preventing phosphorylation of the β3 subunit increases the
number of inhibitory synapses in the dentate gyrus of the hippocampus, but reduces
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α4 puncta immunoreactivity. * = significantly different to control (p < 0.001; t-test;
n = 3). B. Post-synaptic protein expression is unaltered in S408/9A. To determine
whether the observed changes in inhibitory synapses were associated with
alterations in post-synaptic proteins, the total expression of the inhibitory synaptic
marker gephyrin, excitatory synaptic marker PSD-95 and AMPA-R GluA1 were
measured. Hippocampal lysate from S408/9A and WT control mice were subjected to
SDS-PAGE and immunoblotted with gephyrin, PSD-95 and GluA1 antibodies. Protein
expression in S408/9A mice was normalized to WT controls (100%; red line).
No significant differences in post-synaptic protein expression were observed, p˂0.05
(t-test, n= 8). C. 40 µm hippocampal slices were stained with antibodies against the
post-synaptic protein, PSD-95, followed by confocal microscopy. The pixel intensity
of PSD-96 staining was then compared within the dentate gyrus between genotypes.
Preventing

phosphorylation

of

the

β3

subunit

does

not

alter

PSD-95

immunoreactivity. * = significantly different to control (p < 0.05; t-test; n = 8).

S408/9A exhibited an increase in phasic inhibition and decreased tonic
current.
To examine the functional significance of the alterations in GABA AR expression seen
in S408/9A mice we used patch-clamp recording to analyze GABAergic inhibition in
dentate gyrus granule cells (DGGCs). In DGGCs from S408/9A mice, tonic current
was significantly decreased (24.7 ± 4.1 vs 11.9 ± 2.2 pA, for WT and S408/9A
respectively; p < 0.005, n=10-11; Fig 3-6A). In contrast, the amplitude of sIPSCs
were significantly increased in S408/9A compared to WT controls (28.4 ± 2.4 vs 42.5
± 3.3 pA, for WT and S408/9A respectively; p < 0.005; n=17-18, Fig. 3-6B).
However the decay time of sIPSCs was comparable between genotypes.
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We also assessed the impact of the modifications in GABAergic inhibition on neuronal
excitability. First we compare the properties of excitatory postsynaptic currents
(EPSC) in DGGCs. In S408/9A mice, EPSC amplitude was significantly increased
(14.6 ± 1.05 vs 18 ± 1.02 pA, for WT and S408/9A respectively; p < 0.05; Fig. 36C). Moreover, their decay was also prolonged (2.4 ± 0.2 vs 2.1 ± 0.1 ms, for WT
and S408/9A mice respectively; p<0.05, n=14-16, Fig. 3-6C). However net
excitability of DGGCs and their resting membrane potentials were not modified by
the S408/9A mutation (Table 1; Fig 3-6D; n=19-20).

Therefore S408/9A mice have reduced tonic but enhanced phasic inhibition. However
these changes in GABAergic inhibition do not lead to any gross changes in neuronal
excitability as mutant mice also exhibit elevations in EPSC amplitude.

Table 3-1

Number of action potentials fired in DGGCs
Current injection amplitude
20 pA
40 pA
60 pA
80 pA
100 pA
120 pA
140 pA
160 pA
180 pA
200 pA
220 pA
240 pA
260 pA
280 pA
300 pA
RMP, mV
I50, pA
k
n

WT

S408/9A

0.4 ± 0.4
0.6 ± 0.5
4.3 ± 1.8
10.9 ± 2.9
21.5 ± 3.5
30.9 ± 3.6
39.1 ± 3.6
46.8 ± 3.8
55.6 ± 3.8
63.5 ± 4.3
71.5 ± 4.6
80.7 ± 4.7
87.8 ± 4.9
94.4 ± 5.0
100.0 ± 4.9
−81.8 ± 1.2
169.0
48.0
19

0.0 ± 0.0
1.0 ± 0.8
6.9 ± 2.5
17.1 ± 4.2
24.5 ± 4.4
34.0 ± 4.7
42.6 ± 5.1
49.7 ± 5.4
57.9 ± 5.6
65.0 ± 5.8
72.2 ± 5.9
77.5 ± 6.1
83.2 ± 6.1
89.5 ± 6.5
93.6 ± 6.6
−81.3 ± 1.2
164.2
51.9
20

Values are means ± SE; n = number of mice; RMP= resting membrane
potential; I50=amplitude of current injection eliciting 50% of maximum
response; k= slope factor.
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Figure 3-6. Characterization of phasic and tonic inhibition in S408/9A mice.
A. Tonic conduction is decreased in S408/9A. Tonic current in DGGCs was compared
between genotypes in the presence and absence of gabazine. Tonic current
amplitude of S408/9A mice were significantly smaller than WT. * = significantly
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different to control p0.01 (t-test, n= 10-11). B. sIPSC were recorded from DGGCs
of WT mice (grey) and S408/9A mice (black) * = significantly different to WT control
p0.001 (t-test, n= 17-18). C. Examples of EPSCs recorded from DGGCs of WT mice
(grey) and S408/9A mice (black) *= significantly different to control p0.05 (t-test,
n= 14-16).D. Representative recordings of action potential firing in DGGCs from WT
mice (grey) and S408/9A mice (black) in response to 0.5 s current injections from 20
to 300 pA in 20 pA increments. Average input/output curves from DGGCs from WT
mice (grey) and S408/9A mice (black) is shown as a Boltzmann function generated
by the averages of the fitted parameters. No difference in the resting membrane
potential (RMP, insert) was observed between genotypes. Values are mean ± SEM;
n= 19-21.

S408/9A exhibited increased hippocampal dendritic spine density.
Alterations in spine structure are a common feature of FXS and other ASDs (Hutsler
et al, 2007; Hutsler & Zhang, 2010). Given that S408/9A and Fmr1 knockout mice
show similar alterations in GABAergic inhibition, we used Golgi staining to compare
dendritic spine structure. We quantified the density of spines along 30μm-long
sections of dendrites in the molecular layer above the dentate gyrus of the
hippocampus. In S408/9A mice, a pronounced increase in spine density was seen
(28.62 ± 0.723 vs 34.79 ± 0.945 /30 μm dendrite for WT and S408/9A mice
respectively; p < 0.0001; n= 12 neurons in 3 independent experiments; Fig 3-7B).
Similarly, the spines in S408/9A mice appeared to be more filopodia-like in structure
compared to their equivalents in WT, and some exhibited pronounced branching.
Therefore S408/9A mice displayed similar abnormalities in spine structure as to
those reported in Fmr1 knockout mice and patients with ASDs.
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Figure 3-7. Spine density is increased in DGGCs from S408/9A mice. Brains
were subject to Golgi staining and 40 μm hippocampal slices were imaged using
stereology. A. These panels show representative dendrites from dentate gyrus
granule cells. B. The number of spines per 30 μm of dendrite was then determined
and compared between genotypes, * = significantly different to control; n = 12
neurons in 3 independent experiments (p<0.0001; t-test).

S408/9A mice exhibit deficits in social interaction and increased repetitive
behavior.
ASDs have a common core of behavioral deficits including reduced social interaction
and increased repetitive behavior. Therefore we assessed if any of these parameters
are altered in S408/9A mice. First we assessed if the respective mutation modifies
motor coordination as measured using the rotarod, a critical control for data
interpretation in rodent behavioral experiments. The latency to fall in the rotarod test
was not different at 16-32 rpm in S408/9A compared to WT (Fig 3-8A). Likewise
there were no differences between genotypes for the total distance travelled or dwell
time in the center of the open field (Fig 3-8B).
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Figure 3-8. Characterization of motor activity and anxiety-like behavior in
S408/9A mice. There were no differences in motor activity or basal anxiety in
S408/9A compared to WT. A. The locomotor activity of WT and S408/9A mice was
examined using the rotarod test and the latency to fall determined. There were no
significant differences in motor activity (p < 0.05; t-test; n = 10-11). B. The activity
and time spent in the center of the arena in an open field was compared for WT and
S408/9A over a 10 min time course. There were no significant differences in the
percentage of time spent in the middle of the open field arena or in the distance
traveled between genotypes. (p < 0.05; t-test; n = 12). C. The percentage of time
spent in the light arena of the light-dark box assay was determined for WT and
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S408/9A. There were no significant differences in the percentage of time spent in the
light arena between genotypes. (p < 0.05; t-test; n = 12).

Social behavior was measured using the 2-choice and 3-chamber social interaction
test. In the 2-choice assay, WT control spent more time in the chamber containing
the novel mouse than in the chamber containing the empty cage while S408/9A had
no preference for the novel mouse over the empty cage (time spent interacting with
empty cage: 49.8 ± 7.4 s (WT), 86.6 ± 17.6 s (S408/9A); time spent interacting
with novel mouse: 119.4 ± 19.0 s (WT), 92.7 ± 17.7 s (S408/9A); n=12, p < 0.01,
Fig 3-9A). Consistent with the profound deficits in social interaction observed in the
2-choice assay, S408/9A exhibited no preference for the novel mouse in the 3chamber social interaction assay. WT control spent more time in the novel mouse
sniffing zone than in the empty cage sniffing zone (time spent interacting with empty
cage: 55.4 ± 5.8 s (WT), 71.9 ± 8.4 s (S408/9A); time spent interacting with novel
mouse: 123.8 ± 5.1 s (WT), 85.7 ± 6.9 s (S408/9A); n=12-16, t-test, p < 0.01; Fig.
3-9B). In contrast, S408/9A showed no preference for the novel mouse over an
empty cage, consistent with ASD-like deficits in social interaction. As a control for
our measurements for social preference we examine the ability of S408/9A mice to
discriminate between a novel and familiar object. Both WT controls and S408/9A
spent more time interacting with the novel object (66± 0.9 vs 64± 7.7 % of total
time for WT and S408/9A respectively; p<0.05; n=10-11; Fig 3-9C).

To measure repetitive-like behavior in S408/9A, we used the marble burying assay.
Consistent with the stereotyped behavior that is a prominent feature of ASDs,
S408/9A mice displayed an increase in repetitive-like behavior in the marble burying
test (6.0 ± 0.6 marbles in 30 min compared to 3.8 ± 0.5 marbles in WT control, p >
0.001, n= 18-19; Fig 3-9D). Therefore, S408/9A exhibited an increase in repetitive-
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like behavior and deficits in social interaction, behavioral characteristics commonly
observed in ASDs. We also compared anxiety-like behavior using the light dark test.
WT and S408/9A mice spent equivalent time in the light chamber (46.9 ± 2.2% vs
41.8 ± 2.5%; for WT and S408/9A respectively; P>0.05; n=12, P < 0.05; Fig 3-8D).

Together these behavior studies demonstrate that S408/9A mice exhibit deficits in
social interaction and elevated repetitive behavior, both of which are core behavioral
deficits seen in ASDs.
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Figure

3-9.

Characterization

of

social

interaction

and

repetitive-like

behavior in S408/9A mice. A. The preference for an empty cage or novel mouse
was determined in a two-choice social interaction set-up. The amount of time WT or
S408/9A spent in the arms containing a novel mouse or empty cage was digitally
tracked. S408/9A mice did not exhibit a preference for the novel mouse. * =
significantly different from control (p < 0.01; t-test; n = 12). B. The three-chamber
social interaction assay was used to measure the preference for a novel mouse or an
empty cage. The amount of time mice spent in a predefined sniffing zone around the
empty cage or novel mouse was digitally tracked. Consistent with the social deficits
observed in the two-choice social interaction test, S408/9A mice did not exhibit a
preference for the novel mouse in the three-chamber social interaction test. * =
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significantly different from control (p < 0.001; t-test; n = 12-16). C. Social novelty
was measured using the social novelty assay. The preference for a familiar object or
a novel object was determined for the genotypes. There was no significant difference
between the genotypes for social novelty. WT controls and S408/9A mice exhibited a
preference for the novel object. * = significantly different from control (p < 0.05; ttest; n = 10-12). D. Repetitive-like behavior was assessed using the marble burying
assay. The number of marbles buried in 30 min was counted for each genotype.
S408/9A exhibited increased repetitive-like behavior. (p < 0.01; t-test; n = 18-19).

S408/9A mice have increased seizure susceptibility.
FXS and other ASDs are comorbid with epilepsy. Therefore, we analyzed the impact
of the S408/9 mutation on seizure susceptibility. Mice were implanted with EEG
electrodes and seizures were induced with 20 mg/kg kainic acid and monitored to
ensure seizures reached stage 3-4 on the Racine scale (forelimb clonus and rearing
with forelimb clonus).

Representative EEG traces during epileptiform events

captured 30 after kainic acid injection illustrate a marked increase in epileptiform
activity in S408/9A over WT controls (Fig.

3-10A). Strikingly, S408/9A mice

exhibited a faster onset to the first epileptiform event compared to WT mice (5.0 ±
1.5 vs 12.0 ± 2.6 min latency for S408/9A and WT mice respectively; p < 0.05, n=
3-4, Fig. 3-10B). Additionally, S408/9A entered Status Epilepticus at an earlier time
point than WT controls (46.6 ± 9.3 vs 83.7 ± 2.7 min for S408/9A and WT
respectively; p < 0.05, n= 3-4, Fig. 3-10B). Furthermore, S408/9A spent a greater
percentage of the total time experiencing epileptiform activity compared to WT
controls (62.9 ± 3.5 vs 77.8 ± 3.0 % for S408/9A and WT respectively; p < 0.05,
n= 3-4, Fig. 3-10B). Therefore, mutation of S408/9A significantly increases seizure
susceptibility.
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Figure 3-10. Characterization of seizure susceptibility in S408/9A mice. A.
Representative EEG traces for WT and S408/9A at baseline and 30 minutes after
kainic acid injection. Mice were implanted with EEGs and seizure susceptibility was
measured by i.p. injection of 20 mg/kg kainic acid for a total of 120 min. Each trace
represents one minute of recorded EEG activity. B. The latency to the first
epileptiform activity, onset of status epilepticus and total time experiencing
epileptiform activity was digitally tracked and measured. S408/9A had a shorter
latency to the first epileptiform activity, faster onset of status epilepticus and spent a
great percentage of time experiencing epileptiform activity compared to WT controls.
* = significantly different from control (p < 0.05; t-test; n = 3-4).
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Summary
Deficits in the efficacy of neuronal inhibition mediated by GABA ARs containing the β3
subunit are widely believed to contribute to the pathophysiology of ASDs.
Accordingly, after mutations in the Fmr1 gene, modifications in GABAAR β3 subunit
gene structure and/or protein expression levels together with both deletions and
duplications of the 15q11-13 locus are leading causes of ASDs (Abrahams &
Geschwind, 2008; Chakrabarti et al, 2009; Delahanty et al, 2011; El Achkar &
Spence, 2015; Francis et al, 2013; Han et al, 2014; Han et al, 2012; Tanaka et al,
2008).

In vitro studies have shown that phosphorylation of S408/9 regulates the cell surface
stability and synaptic accumulation of β3-containing GABAARs (Jacob et al, 2009) and
here we have analyzed the significance of this putative regulatory process for the
pathophysiology of ASDs. To do so we first measured S408/9 phosphorylation in the
hippocampus of Fmr1 knockout mice, a widely used animal model of ASDs.
Phosphorylation of S408/9 but not S383 was increased in Fmr1 knockout mice.
DGGCs from Fmr1 knockout mice exhibited an increase in sIPSC amplitude and their
decay was slowed.

Thus, Fmr1 knockout mice exhibited deficits in tonic but

enhanced phasic inhibition in DGGCs. These changes in tonic inhibition are consistent
with previous studies demonstrating the loss of α4-5 and δ mRNA/protein expression
in Fmr1 knockout mice (Braat et al, 2015; Chao et al, 2010; Coghlan et al, 2012;
Collins et al, 2006; Delahanty et al, 2011; Delong, 2007; Fatemi & Folsom, 2014;
Fatemi et al, 2013; Fatemi et al, 2009; Kang & Barnes, 2013; Lozano et al, 2014; Ma
et al, 2005; Martin et al, 2014; Mendez et al, 2013; Muhle et al, 2004; OlmosSerrano et al, 2011; Paluszkiewicz et al, 2011a; Sesarini et al, 2014; Thatcher et al,
2009; Tochigi et al, 2007).
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In vitro measurements have illustrated that phosphorylation of S408/9 reduces the
affinity of the β3 subunit for AP2, and thereby acts to slow GABA AR endocytosis.
Significantly, mutation of S408/9 to alanine residues also acts to reduce binding of
the β3 subunit to AP2. Phosphorylation of S408/9 has also been suggested to
regulate GABAAR channel kinetics and desensitization (Hinkle & Macdonald, 2003;
Macdonald et al, 1992).

Therefore, to assess if the alterations of GABAergic

inhibition seen in Fmr1 knockout mice are related to the observed modifications in β3
subunit phosphorylation, we created a transgenic S408/9A knock-in mice using
homologous recombination. On the C57BL/6J background, S408/9A mice were viable
and did not exhibit any overt phenotypes or gross alterations in the structure of the
hippocampus.

Consistent with the lowered affinity for AP2 in the S408/9A mutation in vitro, the cell
surface expression levels of the β3 subunit in the hippocampus were increased in
S408/9A mice compared to WT controls. Within the dentate gyrus, the β3 subunit
assembles with α2/γ2, or the α4/δ subunits to form GABA AR subtypes that mediate
phasic and tonic inhibition, respectively (Farrant & Nusser, 2005; Mody, 2001).
Strikingly, in the dentate gyrus of S408/9A mice there was a significant increase in
the plasma membrane expression levels of the α2 subunit, and a consequent
increase in the number of inhibitory synapses.

Consistent with this result, the

amplitude of sIPSCs was increased and their decay was slowed in DGGCs from
S408/9A mice. In contrast to this, a reciprocal decrease in the cell surface
accumulation of the α4 subunit was seen in S408/9A mice which paralleled a
reduction in tonic current. The gross excitability of DGGCs as measured by current
injection was not altered between strains, reflecting the increase in EPSC amplitude
in S408/9A mice.

Therefore preventing the phospho-dependent modulation of the
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GABAARs by mutating S408/9 in the β3 subunit to alanines is sufficient to reproduce
the deficits of GABAergic inhibition seen in Fmr1 knockout mice.

Previous in vitro studies have suggested that for synaptic GABAARs containing
α1/2β3γ2 subunits, mutation of S408/9A does not compromise receptor assembly, or
transport to the plasma membrane, but selectively reduces their endocytosis.
Therefore the increased synaptic accumulation of the α2 subunit in S408/9A mice
presumably results from their enhanced residence time on the plasma membrane. In
contrast to synaptic receptors, the mechanisms which control the membrane
trafficking of receptors containing α4 subunits is less well defined. However, it is
evident from our results that phosphorylation of S408/9 may have opposing actions
in regulating the assembly and membrane trafficking of α4 subunit containing
GABAARs to those established for subtypes that mediate phasic inhibition. Clearly
further

studies

are

required

to

identify

the

mechanisms

through

which

phosphorylation regulates the differential membrane trafficking of GABAAR subtypes
that mediate phasic and tonic inhibition.

Given the similarities in deficits of GABAergic inhibition seen in Fmr1 knockout and
S408/9A mice we assessed if S408/9A mice exhibit any ASD-like phenotypes. First,
we compared dendritic structure in the hippocampus of S408/9A and WT mice using
Golgi staining. The number of dendritic spines was strikingly increased in the mutant
mice. Notably, spines in S408/9A mice also appeared to be more immature and
filopodia-like in structure. A clear potential complication in data interpretation from
knock-in mice are unforeseen compensatory mechanisms. However this is unlikely in
the case of the deficits in S408/9A mice as simply overexpressing a S408/9A cDNA in
cultured hippocampal neurons leads to similar changes in spine maturity as to those
seen in S408/9A mice (Jacob et al, 2009). It is emerging that tonic inhibition plays a
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central role in reducing neuronal excitability particularly at depolarizing membrane
potentials (Goncalves et al, 2013; Wlodarczyk et al, 2013a; Wlodarczyk et al,
2013b). Therefore the reduced tonic in Frm1 knockout and S408/9A mice may lead
to prolonged neuronal depolarization and enhanced intracellular Ca 2+ signaling
resulting in compromised spine maturation.

ASDs share a common core of behavioral phenotypes including; decreased
sociability, increased repetitive behavior, and modified anxiety. Therefore we
compared the behavior of S408/9A and WT mice. S408/9A mice compared to WT
controls exhibited decreased social interaction as measured in both the 2 and 3
choice assays, however S408/9A and WT controls shared a similar preference for a
novel over a familiar object. S408/9A mice also exhibited an increase in repetitivelike behavior as measured using the marble burying assay.

Significantly, the

mutation did not alter locomotor activity, behavior in the open field, or in the
light/dark test. Finally, epilepsies are frequently co-morbid with ASDs and therefore
we compared seizure sensitivity between WT and S408/9A mice. While S408/9A mice
did not appear to display a spontaneous seizure phenotype, they showed increased
sensitivity to kainic acid induced seizures. More specifically, they exhibited reduced
latency to the first seizure and to the onset of SE.

Therefore, in common with

reproducing the deficits of GABAergic inhibition seen in Fmr1 knockout mice, the
S408/9A mutation reproduces the core phenotypes of ASDs.

The Fragile X retardation protein (FMRP) is a mRNA binding protein that negatively
regulates translation. A large number of FMRP targets have been identified that
include mRNAs encoding a range of proteins important for synaptogenesis such as
some GABAAR subunits and components of signaling pathways that regulate receptor
biosynthesis and membrane trafficking

(Bhakar et al, 2012). One pathway
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continually implicated is enhanced mGluA1 activity which result in modified PKC,
ERK, and mTOR signaling. Therefore, it will be of interest to examine the contribution
of mGluR activity in GABAAR phosphorylation and the efficacy of GABAergic
inhibition.

In conclusion, our results suggest that alterations in the phosphorylation status of
GABAAR β3 resulting in compromised GABAergic inhibition are central to the
pathophysiology of FXS. Therefore, restoring the efficacy of tonic inhibition may be a
useful therapeutic strategy to alleviate the burdens of ASDs.
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CHAPTER 4

Neurosteroids mediate their effects on extrasynaptic GABAARs
in a phospho-dependent manner
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GABAA receptors (GABAARs) mediate fast inhibition in the brain. In the dentate gyrus
of the hippocampus, it is estimated that roughly 75% of the total inhibitory charge is
mediated through tonic conductance by extrasynaptic GABAA receptors composed of
α4 and β2/3 subunits with or without the δ subunit (Brickley & Mody, 2012; Mody,
2001; Mody et al, 1994; Mody & Maguire, 2011; Mody & Pearce, 2004). Tonic
conductance influences neuronal excitability by decreasing the cell’s input resistance
which reduces its excitability, making it less likely that the neuron will fire an action
potential (Brickley & Mody, 2012; Farrant & Nusser, 2005; Mody, 2001). Therefore,
therapeutic compounds such as neurosteroids that selectively enhance tonic
inhibition have generated much interest.

Neurosteroids

such

as

3α,21-Dihydroxy-5α-pregnan-20-one

(THDOC)

are

metabolites of progesterone derived from cholesterol and synthesized peripherally in
the gonads, adrenal glands and feto-placental unit (Mellon & Griffin, 2002a; Mellon &
Griffin,

2002b;

Mellon

et

al,

2001;

Mellon

&

Vaudry,

2001).

Additionally,

neurosteroids can also be produced de novo in the brain (Compagnone & Mellon,
2000; Mellon & Griffin, 2002b). At physiological concentrations, neurosteroids are
potent positive allosteric modulators of extrasynaptic GABA ARs that selectively
enhance tonic conductance with no effect on phasic conduction (Lambert et al,
2009). Existing evidence suggests a strong association between PKC-dependent
phosphorylation of GABAARs and neurosteroid activity (Abramian et al, 2010; Bright
& Smart, 2013; Comenencia-Ortiz et al, 2014; Fancsik et al, 2000; Harney et al,
2003; Vicini et al, 2002). Application of physiological concentrations of neurosteroids
increased the membrane expression of β3-containing GABAARs in the hippocampus
(Abramian et al, 2010). In addition, for the extrasynaptically localized α4 GABA AR
subunit, PKC-mediated phosphorylation is enhanced by neurosteroid treatment
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resulting in an increase in the membrane insertion of α4-containing GABAAR subtypes
and an augmentation of tonic conduction (Abramian et al, 2014; Comenencia-Ortiz
et al, 2014). Therefore, the relationship between neurosteroid activity and PKC
phosphorylation of GABAARs remains to be elucidated.

In order to examine the association between the phosphorylation state of
extrasynaptic GABAARs and neurosteroid activity, we generated transgenic mice
where the PKC-phosphorylation sites of the β3 subunit at serines 408 and 409 were
mutated to alanines (S408/9A mice). We hypothesized that neurosteroid activity
may be mediated through an increase in PKC-dependent phosphorylation of β3 to
increase

surface

expression

of

extrasynaptic

GABAARs

and

preventing

PKC

phosphorylation may alter the anxiolytic, anticonvulsant or hypnotic properties of
neurosteroids. Using phospho-specific antibodies against the PKC phosphorylation
sites of S408/9 in the β3 subunit and S443 in the α4 subunit, treatment in
hippocampal slices of WT controls with THDOC increased α4 PKC phosphorylation at
5 minutes and β3 phosphorylation between 15-20 minutes of treatment. The
increase in PKC phosphorylation of α4 after THDOC treatment was abolished in
S408/9A mice. In S408/9A, in contrast to WT controls, THDOC treatment in
hippocampal slices failed to enhance the membrane stability of α4 and p-α4 and
augment tonic conductance. Preventing β3 phosphorylation had no effect on the
anxiolytic properties of THDOC. In contrast, S408/9A had decreased responsiveness
to the anticonvulsant and anesthetizing/hypnotic activity of THDOC compared to WT
controls.

Therefore, modifying the phosphorylation of the β3 subunit alters the

membrane expression of extrasynaptic GABAARs and influences the anticonvulsant
and hypnotic activity of the neurosteroid THDOC. Collectively our results suggest
that in addition to acting as a positive allosteric modulator, neurosteroid treatment
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may act through a novel mechanism to increase PKC phosphorylation leading to an
enhancement in the membrane stability of extrasynaptic GABA ARs and preventing β3
phosphorylation reduces the responsiveness to the anticonvulsant and hypnotic
properties of neurosteroids.

Results
Neurosteroids enhance the PKC-phosphorylation of extrasynaptic GABAARs
PKC-dependent phosphorylation has been reported to influence the activity of
neurosteroids on GABAARs, although the precise mechanism remains to be elucidated
(Abramian et al, 2014; Abramian et al, 2010; Comenencia-Ortiz et al, 2014). To
investigate the association between the phosphorylation state of extrasynaptic
GABAARs in the hippocampus and neurosteroid treatment, we evaluated the effect of
neurosteroids on PKC-dependent phosphorylation of β3 and α4 in hippocampal slices
using phospho-specific antibodies against the PKC phosphorylation sites of S408/9 of
the β3 subunit and S443 of α4. Coronal brain slices were prepared and hippocampi
were dissected and subjected to treatment with vehicle or 100 nM THDOC for 10
minutes or pretreated with 1 μM of the PKC-specific inhibitor, GFX, followed by 10
minutes of 100 nM THDOC treatment. In wild-type mice, following neurosteroid
treatment, PKC-dependent phosphorylation of α4 increased within 5 minutes and
returned to baseline by 10 minutes while pre-treatment with the PKC-specific
inhibitor abolished the increase in α4 phosphorylation (Fig. 4-1B; n = 3, P < 0.05, ttest; increase in PKC phosphorylation at 5 minutes over time 0: 20.6 ± 6.9%; no
statistical difference in α4 phosphorylation at other time points and with GFX
pretreatment). Similarly, for the β3 subunit following neurosteroid treatment, PKCphosphorylation increased at 15-20 minutes; pre-treatment with the PKC inhibitor
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abolished the increase in phosphorylation (Fig. 4-1A, n = 3, P < 0.05, t-test;
increase in PKC phosphorylation at 15 minutes over time 0: 224.3 ± 29.2%; 20
minutes over time 0: 203.6 ± 11.8%; no statistical difference at other time points
and when pre-treated with GFX). Collectively, these data suggest an association
between neurosteroid treatment and PKC-mediated phosphorylation of the α4 and β3
subunits.

Increase α4 phosphorylation following THDOC is abolished in S408/9A.
Previous unpublished work in our lab suggested a strong link between the ability of
the α4 subunit to be phosphorylated and the phosphorylation state of the β3 subunit.
In vitro data revealed that preventing β3 phosphorylation blocked the ability of α4 to
be phosphorylated by PKC following treatment with THDOC. To investigate the
relationship between β3 phosphorylation and α4, we examined whether preventing
β3 phosphorylation allowed α4 to be phosphorylated in response to THDOC
treatment in S408/9A mice. As mentioned in the previous chapter, S408/9A mice
harbor the mutation where the PKC phosphorylation sites on the β3 subunit at
serines 408 and 409 are replaced by alanines. In S408/9A mice, following
neurosteroid treatment, the increase in PKC-dependent phosphorylation of α4
observed in WT controls is abolished (Fig. 4-1C, n = 6, P < 0.05, t-test; no statistical
difference in α4 phosphorylation). Additionally, there was no statistical difference in
α4 phosphorylation following THDOC treatment when hippocampal slices were pretreated with GFX (Fig. 4-1C, n = 3, P < 0.05, t-test; no statistical difference).
Therefore, preventing β3 phosphorylation with the S408/9A mutation eliminated the
ability of the α4 subunit to be phosphorylated in response to THDOC treatment.
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Figure

4-1.

Neurosteroids

enhance

the

PKC-phosphorylation

of

extrasynaptic α4 and subtypes in WT controls but not in S408/9A mice.
A. Hippocampal slices from WT mice were treated with 100nM THDOC or pretreated
for 10 min with 1 μM GFX followed by 100 mM THDOC treatment for the specified
period of time. After extensive rinsing, slices were lysed and subjected to SDS-PAGE
and immunoblotted with phospho-β3 (S408/9), and β3 subunit antibodies. The
pS408/9/β3 ratio at specified time period was normalized to time 0 (100%; dotted
line).* = significantly different to time 0 control, P ˂ 0.05 (t-test, n= 3).

B.

Hippocampal slices from WT mice were treated with 100nM THDOC or pretreated for
10 min with 1 μM GFX followed by 100 mM THDOC treatment for the specified period
of time. After extensive rinsing, slices were lysed and subjected to SDS-PAGE and
immunoblotted with phospho-α4 (S443), and α4 subunit antibodies. The pS443/ α4
ratio

at

specified

time

period

was

normalized

to

time

0

(100%;

dotted

line).* = significantly different to time 0 control, P ˂ 0.05 (t-test, n= 3).

C.

Hippocampal slices from S408/9A mice were treated with 100nM THDOC or
pretreated for 10 min with 1 μM GFX followed by 100 mM THDOC treatment for the
specified period of time. After extensive rinsing, slices were lysed and subjected to
SDS-PAGE and immunoblotted with phospho-α4 (S443), and α4 subunit antibodies.
The pS443/ α4 ratio at specified time period was normalized to time 0 (100%;
dotted line).* = significantly different to time 0 control, P ˂ 0.05 (t-test, n= 6).




Increased surface stability of extrasynaptic GABAARs is abolished in
S408/9A mice.
Previously, we have shown that PKC-dependent phosphorylation of the α4 subunit
increased the insertion of α4-containing GABAARs into the plasma membrane, leading
to an increase in the membrane expression of these extrasynaptic GABA AR subtypes
(Abramian et al, 2010). In addition, we established that neurosteroid treatment
increased the membrane expression of α4 and β3 subunits in a PKC-dependent
manner (Abramian et al, 2014). Collectively, these data suggest that neurosteroid
treatment increases PKC phosphorylation and may alter trafficking of extrasynaptic
GABAARs to increase the membrane expression of α4-containing GABAARs. In
addition, preventing β3 phosphorylation blocks the PKC-dependent phosphorylation
of α4. Therefore, we hypothesized that preventing β3 phosphorylation may alter the
membrane surface expression of α4 in response to neurosteroid treatment. As
reported previously, in wild-type controls, treatment of hippocampal slices for 10
minutes with 100 nM THDOC significantly increased the surface expression of α4, a
process dependent on PKC phosphorylation (Abramian et al, 2014). In addition, in
wild-type controls the membrane expression of phosphorylated α4 increased 78.7 ±
3.7% after 10 minutes of THDOC treatment (Fig. 4-2A; n = 4, P < 0.05, t-test) and
pretreatment with the PKC specific inhibitor abolished this increase (Fig. 4-2A; n = 3,
P < 0.05, t-test). In contrast, in S408/9A, we observed that 10 minutes of 100 nM
THDOC treatment had no effect on the membrane expression of the α4 subunit (Fig.
4-2B; n = 3, P < 0.05, t-test). Additionally, the increase in the membrane
expression of phosphorylated α4 observed in wild-type controls in response to
THDOC treatment is abolished in S408/9A (Fig. 4-2C; n = 3, P < 0.05, t-test). These
data indicate that preventing β3 phosphorylation abolishes the increase in the
membrane stabilty of α4 following THDOC treatment. Collectively, these data
suggest that neurosteroids may impart some of their impact on extrasynaptic
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GABAARs through altered trafficking of these GABAAR subtypes in a PKC-dependent
manner.

Figure

4-2.

Increased

surface

stability

of

extrasynaptic

GABA ARs

is

abolished in S408/9A mice. Previously, we reported that in WT mice, 100nM
THDOC treatment for 10 minutes significantly increased the surface stability of α4
subtypes. A. Hippocampal slices from WT were treated with DMSO, 100 nM THDOC
for 10 minutes or pretreated for 10 min with 1 μM GFX followed by 100 mM THDOC
treatment for 10 minutes. Slices were then subjected to biotinylation followed by
immunoblotting with anti-phospho-α4 or anti-α4 antibodies. The ratio of surface
phospho-α4/total α4 was measured and values then normalized to DMSO control
(100%, dashed line). * = significantly different to control, P ˂ 0.05 (t-test, n= 3). B.
Hippocampal slices from S408/9A were treated with DMSO, 100 nM THDOC for 10
minutes or pretreated for 10 min with 1 μM GFX followed by 100 mM THDOC
treatment for 10 minutes. Slices were then subjected to biotinylation followed by
immunoblotting with anti-α4 antibodies. The ratio of surface/total α4 was measured
and values then normalized to DMSO control (100%, dashed line). * = significantly




different to control, P ˂ 0.05 (t-test, n= 3). C. Hippocampal slices from S408/9A
were treated with DMSO, 100 nM THDOC for 10 minutes or pretreated for 10 min
with 1 μM GFX followed by 100 mM THDOC treatment for 10 minutes. Slices were
then subjected to biotinylation followed by immunoblotting with anti-phospho-α4 or
anti-α4 antibodies. The ratio of surface phospho-α4/total α4 was measured and
values then normalized to DMSO control (100%, dashed line). * = significantly
different to control, P ˂ 0.05 (t-test, n= 3).

Increased tonic inhibition after THDOC treatment is abolished in S408/9A
mice.
To examine the functional consequences of the increased membrane stability of
extrasynaptic GABAARs in response to THDOC treatment on GABAergic inhibition, we
examined tonic conduction in hippocampal slices from S408/9A and WT controls. 100
nM THDOC significantly increased tonic conduction in WT controls compared to
vehicle treatment in a PKC-dependent manner (Vehicle: 24.7 ± 4.1 pA; THDOC: 11.9
± 2.2 pA; THDOC + GFX: 11.9 ± 2.2 pA, n=11, P < 0.01; Fig. 4-3A). In contrast,
S408/9A mice exhibited no difference in tonic conduction in response 100 nM THDOC
treatment (Vehicle: 24.7 ± 4.1 pA; THDOC: 11.9 ± 2.2 pA; THDOC + GFX: 11.9 ±
2.2 pA, n=11, P < 0.01; Fig. 4-3B).

Therefore, preventing β3 phosphorylation

eliminated the increase in tonic conduction in response to neurosteroid treatment.
The biochemical and functional data collectively suggests that a potential mechanism
for neurosteroid action at extrasynaptic GABAARs may be through enhancing α4 and
β3 phosphorylation leading to enhanced extrasynaptic GABA AR membrane stability
and increased tonic inhibition.
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Figure 4-3. Increased tonic inhibition after THDOC treatment is abolished in
S408/9A mice. Tonic conduction is increased following prolonged THDOC perfusion
in WT slices and this increase in tonic conduction is abolished in S408/9A slices. A.
Representative traces from DGGCs in WT controls with or without 100 nM THDOC or
1 μM GFX with 100 nM THDOC. Amplitude of tonic current is measure as the
difference in holding current before and after 100 M picrotoxin (PTX). B. Current
density was significantly increased in S408/9A compared to the absence of THDOC
and significantly decreased with the addition of GFX and THDOC compared to THDOC
alone. In all panels * = significantly different, P  0.05 (t-test, n= 11). C.
Representative traces from DGGCs in WT controls and S408/9A with or without 100
nM THDOC. Amplitude of tonic current is measure as the difference in holding current
before and after 100 M picrotoxin (PTX). D. Current density was significantly
increased with THDOC perfusion in WT slices compared to the absence of THDOC and
significantly decreased in S408/9A compared to WT controls. The addition of THDOC
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failed to increase the tonic current in S408/9A. In all panels * = significantly
different, P  0.05 (t-test, n= 11).

Behavioral effects of neurosteroid treatment are altered in S408/9A mice.
At the molecular and neuronal level, we have shown that preventing β3 PKCphosphorylation alters the membrane stability of extrasynaptic GABA AR subtypes
along with abolishing an increase in tonic inhibition in response to neurosteroid
treatment.
modified

To determine whether preventing β3 phosphorylation may lead to a
responsiveness

to

the

anxiolytic,

hypnotic/anesthetizing

and

anti-

convulsant properties of neurosteroids, we assessed the behavioral responses of
S408/9A and WT controls to acute neurosteroid treatment. First, we wanted to
determine a concentration of THDOC that would not cause hypnosis for its use as an
anxiolytic. Following an i.p. injection of different concentrations of THDOC (vehicle,
10 mg/kg THDOC, 20 mg/kg THDOC and 30 mg/kg THDOC), locomotion was
remotely monitored in WT controls over 120 minutes. Although 20 mg/kg was not
statistically different than vehicle in producing hypnosis, we elected to be
conservative and chose 10mg/kg THDOC for our studies to examine the anxiolytic
properties of THDOC (Fig 4-4). Using the light-dark box assay to measure anxietylike behavior, we observed that 10 mg/kg THDOC was anxiolytic in both WT controls
and S408/9A (time spent in light arena: 221.0 ± 20.6 s (WT vehicle), 276.4 ± 17.6 s
(WT 10 mg/kg THDOC), 230.5 ± 18.0 s (S408/9A vehicle), 274.0 ± 16.2 s (S408/9A
10 mg/kg THDOC); n=9, P < 0.05; Fig. 4-5).
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Figure 4-4. Determining the concentration of THDOC that will not produce
hypnosis. Vehicle, 10 mg/kg THDOC, 20 mg/kg THDOC or 30 mg/kg THDOC were
i.p. injected and locomotor activity was measured A. Locomotor activity of mice
given an i.p. injection of vehicle over 120 minutes. B. Locomotor activity of mice
given an i.p. injection of 10 mg/kg THDOC over 120 minutes. C. Locomotor activity
of mice given an i.p. injection of 20 mg/kg THDOC over 120 minutes. D. Locomotor
activity of mice given an i.p. injection of 30 mg/kg THDOC over 120 minutes. E.
Locomotor activity of mice given an i.p. injection of 10 mg/kg THDOC was not
statistically different from vehicle treated animals. F. Locomotor activity of mice





given an i.p. injection of 20 mg/kg THDOC was not statistically different from vehicle
treated animals.

Figure 4-5. Characterization of anxiolytic properties of THDOC in S408/9A
mice compared to WT controls. There were no differences in the anxiolytic
properties of THDOC in S408/9A compared to WT. A. The time spent in the light
arena of the light-dark box assay was determined for WT and S408/9A with vehicle
or 10 mg/kg THDOC treatment. In both genotypes, 10 mg/kg THDOC significantly
increased the amount of time spent in the light arena. (P < 0.05; t-test; n = 9). B.
The time spent in the light arena of the light-dark box assay was determined for WT
following vehicle or 10 mg/kg THDOC. C. The time spent in the light arena of the
light-dark box assay was determined for S408/9A following vehicle or 10 mg/kg
THDOC.

In contrast, there were profound differences in the hypnotic/anesthetizing properties
of THDOC in S408/9A compared to WT controls. Using the loss of righting reflex
assay to measure the hypnotic effects of 100 mg/kg THDOC, we measured the




latency to LORR and duration of LORR. Due to solubility issues with THDOC at the
higher concentration, we were careful to ensure that all drugs were prepared in
batches and injected alternately into WT controls and S408/9A so that the same
preparations were administered between the different genotypes. Only ~55% of the
S408/9A mice responded to 100 mg/kg THDOC by becoming ataxic, compared to
100% of WT controls. In addition, the S408/9A responders exhibited a striking
decrease in the duration of LORR compared to WT controls (31.4 ± 4.4 min (WT),
n=6; 16.8 ± 3.6 min (S408/9A), n=5-6; P < 0.05; Fig. 4-6A). Of the S408/9A mice
that underwent LORR, there were no statistical differences in latency of LORR
compared to WT controls. Due to the profound differences in LORR duration in
S408/9A compared to WT controls, we wanted to establish whether preventing β3
phosphorylation and affecting extrasynaptic GABAAR membrane expression may alter
the LORR response in S408/9A to other pharmacological agents that predominantly
target extrasynaptic GABAARs. We tested LORR using propofol, an agent widely
believed to act exclusively on extrasynaptic GABA ARs (Olsen & Li, 2011; Olsen &
Sieghart, 2009). S408/9A all responded to propofol with a shorter duration of LORR
compared to WT controls although the latency to LORR was not statistically different
(LORR duration: 162.0 ± 8.5 min (WT), 138.7 ± 8.8 min (S408/9A) n=5; P < 0.05;
Fig 4-6B). Therefore, in addition to alterations in the hypnotic/anesthetizing effects
of neurosteroids in S408/9A, these mice also exhibited changes in LORR response to
other compounds widely believed to target extrasynaptic GABA ARs.
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Figure 4-6. Hypnotic actions of THDOC are decreased in S408/9A mice.
Hypnotic action of THDOC was measured using the loss of righting reflex assay. A.
The S408/9A mice that responded to THDOC spent a significantly shorter duration of
time undergoing loss of righting reflex compared to WT controls following an i.p.
injection of 100 mg/kg THDOC (P < 0.05; t-test; n = 5-6). B. S408/9A spent a
significantly shorter duration of time undergoing loss of righting reflex compared to
WT following an i.p. injection of 200 mg/kg propofol (P < 0.05; t-test; n = 5).

Moreover, S408/9A demonstrated striking differences in the anticonvulsant effects of
neurosteroids. Mice were i.p. injected with 20 mg/kg kainic acid and when motor
seizures reached stage 3-4 on the Racine scale (forelimb clonus/rearing with forelimb
clonus), they were give an i.p. injection of 100 mg/kg THDOC. Total power at 60 sec
preceding THDOC injection was compared to the total power 15 min after THDOC
injection in both genotypes. WT controls had a 72.0 ± 18.3% reduction in total
power between those two time points while there were no statistical differences in
the ability of THDOC to control epileptiform activity in S408/9A (n=4-6, P < 0.05;
Fig. 4-7). Therefore, the anticonvulsant effects of neurosteroids are decreased in
S408/9A compared to WT controls. Collectively, our behavioral data indicate that
preventing β3 phosphorylation preserved the anxiolytic effects of neurosteroids but





decreased the hypnotic/anesthetizing and anticonvulsant properties of THDOC,
suggesting

that

β3

subunit

phosphorylation

may

contribute

to

neurosteroid

sensitivity.

Figure 4-7. Characterization of anticonvulsant properties of THDOC in
S408/9A mice compared to WT controls.

A. Representative EEG power

spectrums for WT and S408/9A for 120 minutes after kainic acid injection. Mice were
implanted with EEGs and the anticonvulsant properties of THDOC were measured.
Mice were by i.p. injection with 20 mg/kg kainic acid and after mice reached stage 34 motor seizures on the Racine scale, they were given an i.p. injection of 100 mg/kg
THDOC, indicated by the white arrow. B. The change in total power 60 s prior to
THDOC injection and 15 minutes after THDOC treatment was measured. In WT
controls, THDOC treatment decreased the total power while THDOC treatment had
no effect on the total power in S408/9A (P < 0.05; t-test; n = 4-6).




Summary
Neurosteroids such as THDOC have been reported to facilitate their effects through a
PKC-phosphorylation dependent mechanism (Abramian et al, 2014; Abramian et al,
2010; Brussaard & Koksma, 2003; Comenencia-Ortiz et al, 2014; Fancsik et al,
2000; Harney et al, 2003; Herd et al, 2007; Kia et al, 2011; Lambert et al, 2001a;
Lambert et al, 2001b; Mitchell et al, 2008; Vithlani & Moss, 2009). It has been
established that at physiological concentrations, neurosteroids selectively act as
positive modulators of tonic inhibition mediated by extrasynaptic GABA ARs while
having no effect on phasic inhibition (Stell et al, 2003). This selectivity for tonic
conduction is important because deficits in tonic inhibition have been reported to
underlie neurological disorders such as depression, stress-related disorders and
autism-spectrum disorders in addition to epilepsy (Brickley & Mody, 2012; Mitchell et
al, 2008; Zhang et al, 2007). In addition to acting as a positive modulator of GABA AR
activity, existing evidence suggests neurosteroids may increase the intracellular
trafficking of extrasynaptic GABAARs in a PKC-dependent manner (Abramian et al,
2014; Abramian et al, 2010; Comenencia-Ortiz et al, 2014; Jacob et al, 2009).
Therefore, an understanding of the mechanisms through which neurosteroids exert
their effects on extrasynaptic GABAARs may promote the development of therapies to
alleviate these disorders.

In this study, we investigated the contribution of β3 subunit phosphorylation in
mediating the effects of neurosteroids on GABAAR activity at the molecular and
behavioral level. First, we established that neurosteroids enhance the PKCphosphorylation of extrasynaptic GABAARs subtypes containing the α4 and β3
subunits. A physiological concentration of THDOC increased the PKC-dependent
phosphorylation of α4 and β3 within 5 minutes and 15-20 minutes, respectively, in
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WT controls. This increase in PKC-phosphorylation was abolished in S408/9A mice
and by pre-treatment with the PKC-specific inhibitor, GFX. Therefore, preventing β3
phosphorylation abolished the increase in phosphorylation observed in wild-type
mice following THDOC treatment.

In addition, THDOC treatment in hippocampal slices increased the surface stability
of extrasynaptic GABAARs, an outcome that is prevented in S408/9A. Previous work
in our lab established that PKC phosphorylation influences the trafficking of
extrasynaptic GABAAR subtypes by increasing the insertion of α4-containing GABAARs
into the plasma membrane and decreasing the endocytosis of β3-containing GABAARs
(Abramian et al, 2014; Abramian et al, 2010; Brandon et al, 2002; Brandon et al,
1999b; Comenencia-Ortiz et al, 2014; Jacob et al, 2009; Kittler et al, 2001).
Collectively, PKC phosphorylation increases the surface stability of extrasynaptic α4
and β3 GABAAR subtypes and neurosteroid treatment leads to an increase in PKC
phosphorylation of the α4- and β3-containing GABAARs. Therefore, preventing β3
phosphorylation in S408/9A interrupted the ability of neurosteroids to increase the
membrane stability of extrasynaptic GABAARs. In addition, neurosteroids selectively
increased tonic conduction, an outcome that is prevented in S408/9A.

Therefore,

preventing β3 phosphorylation abolished the ability of neurosteroids to increase tonic
conduction. Moreover, the S408/9A mutation altered the hypnotic/anesthetizing and
anticonvulsant response to acute neurosteroid treatment while leaving the anxiolytic
response in S408/9A unaltered. One potential explanation for these differences in
behavioral responses to acute neurosteroid treatment in S408/9A may be that at
lower THDOC doses, S408/9A may be able to compensate for deficits in
phosphorylation through other mechanisms to maintain extrasynaptic GABA AR
membrane expression while at higher doses these compensatory mechanisms may
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be

overwhelmed.

Alternatively,

regional

differences

in

extrasynaptic

GABA AR

expression may underlie the differences in THDOC response. α4-containing GABAARs
exhibit limited localization to specific regions, including the hippocampus, thalamus
and striatum and therefore, regional differences in α4 expression may influence the
anxiolytic, hypnotic and anticonvulsant effects of THDOC. Therefore, future studies
are necessary to elucidate the molecular alterations that underlie the altered
response to neurosteroid treatment.

Given the parallels in diminished tonic inhibition observed in the Fragile X model of
autism spectrum disorders and S408/9A mice along with the ASD-like phenotype of
S408/9A, it is evident that neurosteroids acting to selectively enhance tonic inhibition
may provide a novel therapeutic treatment for ASDs. Indeed, this approach using the
neurosteroids ganaxolone and allopregnanolone has been undertaken in proof-ofconcept studies (Bialer et al, 2013; Braat et al, 2015). Clearly, further consideration
of the therapeutic potential of neurosteroids in ASDs is warranted.

In summary, our findings indicate that in addition to acting as a positive modulator
of GABAAR function, neurosteroids may act through a novel mechanism of increasing
the membrane stability of extrasynaptic GABAARs in a PKC-dependent manner. Given
the phenotypic similarities and reduced tonic inhibition documented in Fragile X and
S408/9A, neurosteroids may be a valuable therapeutic approach to selectively
enhance tonic inhibition and lessen the deficits observed in ASDs.

96

CHAPTER 5

Discussion
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Changes in the expression of the β3 GABAAR subunit are widely associated with
ASDs. Deletions and duplications to the region where the β3 GABAAR gene (GABRB3)
resides at chromosome 15q11-13 have been documented in patients with ASDs
(Hogart et al, 2007; Kwasnicka-Crawford et al, 2007; Thatcher et al, 2005).
Correspondingly, along with expansion of the Fmr1 gene in Fragile X, alterations to
the expression of GABRB3 are the leading monogenetic causes of ASDs (Abrahams &
Geschwind, 2008; Bhakar et al, 2012; Coghlan et al, 2012; Collins et al, 2006).

PKC-mediated phosphorylation of serines 408/9 of the β3 GABAAR subunit along with
mutating S408/9 to alanines alter the membrane expression of the β3 subunit by
decreasing its endocytosis from the plasma membrane, thereby increasing its cell
surface stability (Brandon et al, 1999a; Brandon et al, 2002; Jacob et al, 2009). In
this

thesis,

we

have

examined

the

significance

of

this

mutation

in

the

pathophysiology of ASDs. First, we assayed S408/9 PKC-mediated phosphorylation in
Fmr1 knockout mice, a commonly accepted model of ASDs. In the hippocampus of
Fmr1

knockout

mice,

phosphorylation

of

S408/9

was

selectively

increased.

Additionally, DGGCs from Fmr1 knockout mice exhibited a significant increase phasic
inhibition and deficits in tonic inhibition, in agreement with previous studies the
documented a decrease in tonic inhibition in Fmr1 knockout mice (Martin et al, 2014;
Olmos-Serrano et al, 2010). To assess if the changes in GABAergic inhibition
observed in Fmr1 knockout mice were associated with modifications in β3 subunit
phosphorylation, we created a transgenic S408/9A knock-in mouse. Consistent with
the observed alterations in GABAergic inhibition in Fmr1 knockout mice, S408/9A
exhibited an increase in the membrane stability of the β3 subunit accompanied by a
profound increase in phasic inhibition and significant decreases in tonic inhibition in
DGGCs.
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Next, we evaluated S408/9A mice for ASD-like traits. Consistent with an increase in
the spine density observed in ASDs, S408/9A possessed a striking increased in spine
density in the dentate gyrus region of the hippocampus. Clinically, patients with
ASDs present with deficits in social interaction and increased repetitive behavior
along with modified anxiety. Similarly, S408/9A mice exhibited profound deficits in
social interaction and increased repetitive-like behavior compared to WT controls
although anxiety-like behavior was not modified. Lastly, patients with ASDs have a
higher risk for seizure disorders compared to the general public. S408/9A mice had
increased seizure susceptibility with a shorter latency to the first seizure, earlier
onset of status epilepticus and a greater percentage of time spent seizing compared
to WT controls.

Therefore, S408/9A mice possess ASD-like traits such as altered

dendritic spine morphology, aberrant behavior and increased seizure susceptibility.

The second part of this thesis examined the dependence of neurosteroid action
GABAARs

on

PKC-mediated

phosphorylation.

An

association

between

PKC-

phosphorylation of GABAARs and neurosteroid activity has been proposed (Abramian
et al, 2014; Brussaard & Koksma, 2003; Comenencia-Ortiz et al, 2014).

At

physiological concentrations, neurosteroids are potent positive modulators of
extrasynaptic GABAARs that mediate tonic inhibition. Previously, we reported that the
neurosteroid THDOC increased the membrane expression of the extrasynaptically
localized α4 subunit along with tonic inhibition in a PKC-dependent manner.
Preventing β3 phosphorylation with the S408/9A mutation abolishes the THDOCmediated increase in α4 membrane expression. In WT controls, THDOC produced a
PKC-dependent increase in the tonic current that was abolished in S408/9A mice.
Additionally,

we

observed

a

reduction

in

the

anticonvulsant

and

hypnotic/anesthetizing properties of THDOC in S408/9A mice compared to WT
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controls. Collectively, our results suggest a pivotal role for β3 phosphorylation in the
regulation of GABAAR expression and neurosteroid sensitivity. Additionally, they
indicate that neurosteroids may exert their action through a novel mechanism of
altering the trafficking of extrasynaptic GABAARs.

In this thesis, we examined the contribution of β3 phosphorylation in the
pathophysiology of ASDs and the mechanisms underlying the phosphorylationdependent actions of neurosteroids on extrasynaptic GABAA receptors. Given the
deficits in tonic inhibition in the Fragile X model of ASDs and S408/9A mice, in
addition to the ASD-like traits of S408/9A, further studies to examine the therapeutic
potential of neurosteroids in treating ASDs are merited. In addition, given that
expression of GABAARs can undergo compensatory adjustments in response to
changing steroid hormone levels and neurodevelopment disorders such as ASDs are
chronic conditions, elucidation of the changes in GABAergic function mediated by
long-term neurosteroid treatment requires attention.

Future work to elucidate the precise mechanism through which neurosteroids
potentiate PKC-mediated phosphorylation of GABAARs such as identifying the PKC
isoforms involved may lead to more targeted therapeutic approaches to pathological
conditions associated with dysfunctional tonic inhibition including depression, stressrelated disorders and epilepsy. Future work to examine whether other signal
transduction pathways such as PKA and CaMKII may be involved in neurosteroid
action on GABAARs may provide additional pharmacological agents for alleviating the
burden of these disorders.
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