1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Psychoneuroendocrinology. 2009 December ; 34S1: S67—S73. doi:10.1016/j.psyneuen.2009.08.010.

Function and modulation of &-containing GABA, receptors

Nadezhda N. ZheIeznovaZ'A, Anna Sedelnikovalv’\, and David S. Weiss1:”

1Department of Physiology, University of Texas Health Science Center at San Antonio, San Antonio,
Texas, 78229

“Department of Pediatrics, Medical College of Wisconsin, Milwaukee, Wisconsin, 53226

Abstract

apd-containing GABA, receptors are 1) localized to extra- and peri-synaptic membranes, 2) exhibit
a high sensitivity to GABA, 3) show little desensitization, and 4) are believed to be one of the primary
mediators of tonic inhibition in the central nervous system. This type of signaling appears to play a
key role in controlling cell excitability. This review article briefly summarizes recent knowledge on
tonic GABA-mediated inhibition. We will also consider the mechanism of action of many clinically
important drugs such as anxiolytics, anticonvulsants, and sedative/hypnotics and their effects on -
containing GABA receptor activation. We will conclude that as-containing GABA, receptors
exhibit a relatively low efficacy that can be potentiated by endogenous modulators and anxiolytic
agents. This scenario enables these particular GABA receptor combinations, upon neurosteroid
exposure for example, to impart a profound effect on excitability in the central nervous system.
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Introduction to GABA, receptors

GABA (y-aminobutyric acid) is the main inhibitory neurotransmitter in the central nervous
system (CNS). The inhibitory action of GABA is mediated by GABA receptors (GABARS),
excluding early stages of development when GABA is excitatory (Valeyev et al., 1993; Owens
et al., 1999; Demarque et al., 2002), and results in a reduction in neuronal excitability. Three
types of GABA receptors have been characterized: GABAA, GABAg and GABAc. GABA
and GABA receptors are ligand-gated chloride channels (Barnard et al., 1998; Sieghart and
Sperk, 2002). GABAGR receptors belong to the G-protein coupled receptor superfamily (Chen
et al., 2005). GABARSs are widely distributed throughout the CNS. There are 19 different
combinations of GABA subunits that have been identified (o1.6, B1-3, Y1-3, 0, €, 7, 6 and
p1-3)(Fig.1)(Barnard et al., 1998). Each subunit is comprised of a large extracellular N-
terminus, four transmembrane domains (M1-M4), a large intracellular loop between M3 and
M4, and a small extracellular C-terminus (Fig.2,A). There is general concordance that M2 from
each of the five subunits lines the pore (Fig.2,B)(Leonard et al., 1988). The prototypical
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GABA receptor binds two GABA molecules at the interface between a.and B subunits, thereby
opening the gate and producing a chloride current across the membrane (Colquhoun and
Sivilotti, 2004). Coexpression of only a and 3 subunits is sufficient to produce functional CI-
channels. The fifth subunit typically provides for receptor modulation by a variety of
pharmacologically and clinically relevant drugs which interact with distinct binding sites on
the GABA receptor.

A majority of native GABA, receptors are thought to be composed of two a, two 3 and one
vy subunit (Chang et al., 1996) in the arrangement ypapo (Fig.2,C) (McKernan and Whiting,
1996; Sieghart and Sperk, 2002). However, it has been shown that the variability of native
receptors might be significantly larger than expected. For instance, each individual receptor
complex can contain two different a and two different p isoforms. One study, using quantitative
immunoblotting, has suggested the presence of an a1agB28 receptor combination in the rat
cerebellum (Thompson et al., 1996). It has also been shown that 3, like 7 and 0, is able to form
four-subunit-type pentameric receptor complexes with a, p and y (apyd) (Bonnert et al.,
1999). Different receptor combinations can vary in GABA sensitivity, kinetics, and modulation
by different ligands. This review will primarily focus on 8-containing GABA, receptors.

Phasic and Tonic GABA-mediated inhibition

GABA-mediated synaptic transmission classically refers to the transient ‘phasic’ inhibitory
postsynaptic current (IPSC) following activation of synaptic receptors by a high GABA
concentration (mM range) (Maconochie et al., 1994; Farrant and Nusser, 2005). A typical
response of postsynaptic GABA receptors lasts less than 50 ms (Cobb et al., 1995; Hardie
and Pearce, 2006). Synaptic GABA receptors are believed to contain the y subunit, have
reduced GABA sensitivity, and are likely insensitive to the low ambient concentrations of
GABA throughout the extracellular space (nM range). Synaptic inhibition plays a primary role
in information transfer in the CNS, although tonic inhibition occurs before synapse formation
in embryonic neurons (Valeyev et al., 1993; Owens et al., 1999; Demarque et al., 2002). In
the & subunit-dense mature cerebellar granule cells, tonic inhibition contributes to nearly 90%
of total inhibition (Hamann et al., 2002). Thus, super-sensitive extrasynaptic GABA receptor
subtypes mediate “persistent” tonic inhibition (Walker and Semyanov, 2008).

Functional expression of 8-containing GABA, receptors and their role in
tonic inhibition

The nM-uM range concentrations of GABA presumed to be present in the extratracellular
space (Saxena and Macdonald, 1996; Wallner et al., 2003), as well as spillover from synaptic
GABA, activate extrasynaptic and perisynaptic GABA receptors. It is assumed that a majority
of extrasynaptic receptors contain the & subunit. High GABA sensitivity coupled with a low
level of desensitization in the constant presence of ambient GABA concentrations make these
receptors ideal for providing tonic inhibition. Less frequently, extrasynaptic receptors may be
composed of afy, asB3y2, 01P2y2 Or azPsys (Nusser et al., 1998; Stell et al., 2003; Belelli and
Lambert, 2005; Jia et al., 2005; Mortensen and Smart, 2006).

The & subunit has been assumed to be predominately co-expressed with o4 and/or og subunits.
The highest GABA affinity is exhibited by a4, 35 or ogPz 36 combinations, with a GABA
ECsg (concentration for half-maximal activation) in the nM range. The agf» 36 combination
is largely found in cerebellar granular cells (CGCs), which contain the highest CNS density of
d subunits at 30% (Jones et al., 1997; Jechlinger et al., 1998; Nusser et al., 1999; Pirker et
al., 2000, Sassoe-Pognetto et al., 2000). The gy 36 receptor complex is almost exclusively
found at extrasynaptic locations (Nusser et al., 1999; Sassoe-Pognetto et al., 2000). The second
highest level of & subunit density has been found in granular cells of the dentate gyrus, where
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most receptors appear to be the o435 36 combination. These receptors localize perisynaptically
(Wei et al., 2003) and have consistently been shown to mediate tonic inhibition in Dentate
Gyrus Granule Cells (DGGCs) (Nusser and Mody, 2002; Stell et al., 2003; Wei et al., 2004;
Maguire et al., 2005; Herd et al., 2008) and CGCs (Stell et al., 2003). The o430 receptor
subtype is mainly expressed in the ventro-basal nucleus of the thalamus and neocortex,
mediating tonic inhibition in those brain regions (Chen et al., 2005; Cope et al., 2005; Glykys
et al., 2007).

It has also been determined that the o5 and & subunits are the principal GABA receptor
subunits responsible for mediation of tonic inhibition in hippocampal neurons (Glykys et al.,
2008). Glykys et al generated as and & double knock-out mice (Gabras/Gabrd-/-) and
recordings from CA1/CA3 Pyramidal Cells (PCs), DGGCs and Molecular Layer (ML)
interneurons displayed an absence of tonic currents without compensatory changes in
spontaneous inhibitory postsynaptic currents (sIPSCs), excitatory postsynaptic currents
(SEPSCs), or membrane resistance.

It was previously shown that the a4 subunit, the most common partner of g, is not expressed
in ML interneurons, but rather a; and & subunits co-localize and most likely form functional
receptors with B subunits and underlie the GABAaR-mediated tonic inhibitory current in ML
interneurons (Glykys et al., 2007). There are additional reports that a4, B> and & subunits may
form functional receptors when co-expressed in the same neurons (Mertens et al., 1993; Pirker
etal., 2000; Mangan et al., 2005). The a4 subunit has been detected in the extrasynaptic region
(Sun et al., 2004; Baude et al., 2007) consistent with the typical localization of 3-containing
receptors (Nusser et al., 1998; Farrant and Nusser, 2005). In addition, one recent report has
indicated the importance of a1Byd receptors for tonic inhibition in humans. A significant
correlation was illustrated between decreased RNA expression of 4 and o4 subunits (but not
a4 subunits) in human cortical pyramidal neurons in subjects with schizophrenia (Maldonado-
Avilesetal., 2009). Thus, a reduced number of aqB«d receptors could contribute to the deficient
tonic inhibition involved in prefrontal cortical dysfunction that occurs in schizophrenia.

Pharmacological properties of d-containing GABA, receptors

In addition to high potency and low desensitization, another pharmacological property of
afo receptors is low efficacy. Although the ubiquitous o4 B2 36 combinations exhibit the
highest affinity to GABA, they have an Iy, three-fold lower than corresponding a4 6B2 3
receptors. For a4f338 receptors, agonists such as THIP or gabaxadol produced significantly
larger chloride currents than GABA, but for agB33-containing receptors, gaboxadol, muscimol,
and isoguvacine exhibited even higher relative efficacy and potency levels (Adkins et al.,
2001; Brown et al., 2002; Storustovu and Ebert, 2006; Wafford and Ebert, 2006). It appears
that GABA is a partial agonist when 3 is incorporated into GABAA receptors (Adkins et al.,
2001; Brown et al., 2002). It was indicated in several studies that apé GABA receptors have
a lower open channel probability and mean open time, as well as one less open state, than
corresponding afy receptors (Fisher and Macdonald, 1997; Akk et al., 2004).

a1PB26 GABA receptors are low efficacy receptors that are nearly unresponsive to saturating
concentrations of GABA. We observed a 50-fold decrease in maximum GABA activated
currents for ay,6 receptors compared to o4, receptors and a 126-fold decrease in currents
compared to a4 Boy2 receptors (equal cRNA levels were injected) (Fig.3). At the same time, the
GABA sensitivity for a1B,6 receptors was not significantly lower than that of a8, GABA
receptors (Zheleznova et al., 2008). Potentiation of these low efficacy, high potency receptors
is likely achieved by increasing the efficacy rather than the affinity to GABA. Pharmacological
compounds may bolster the efficacy by facilitating and stabilizing receptors in the open state.
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Unlike most of y subunit-containing GABA receptors, af3é receptors have a very low sensitivity
to benzodiazepines, but are highly sensitive to low concentrations of alcohol (3-30mM)
(Mohler, 2006). It has been shown that a global deletion of the & subunit in the GABA receptor
results in a decrease in the sensitivity of mice to the sedative/hypnotic, anxiolytic, and pro-
absence effects of neuroactive steroids (Mihalek et al., 1999; Spigelman et al., 2002).

Neurosteroid regulation

Above all other pharmacological compounds, neurosteroids (including pregnanolone and
allopregnanolone) are the most powerful modulators of afd-containing GABA, receptors
(Adkins et al., 2001; Brown et al., 2002; Wohlfarth et al., 2002). Various neurosteroids have
been demonstrated to promote anxiolytic, analgesic, sedative, anticonvulsant and anesthetic
effects. There are an extensive number of neurological and psychiatric diseases associated with
steroid dysfunctions (Reddy, 2004; Belelli and Lambert, 2005; Eser et al., 2006; Strous et
al., 2006; Mitchell et al., 2008).

Neurosteroids are normally present in the intracellular space at the nanomolar concentration
range, which is enough to affect 5-containing GABAA receptors, but insufficient to influence
synaptic GABA receptors (Stell et al., 2003). Only super-physiological neurosteroid
concentrations can affect synaptic y-containing receptors. Numerous data implicate
neurosteroids in af receptor modulation. For instance, we have shown that the principal effect
of neurosteroids on a4, receptors is to increase their sensitivity to GABA (Zheleznova et
al., 2008). Wahlfarth et al obtained similar results for a43 receptors (Wohlfarth et al., 2002).

Interestingly, the & subunit is unlikely to be involved in neurosteroid binding. Homology
modeling of the neurosteroid binding site in GABA, receptors and site-directed mutagenesis
of residues in other subunits (B and y) suggests that this site is located solely in the o subunit
(Hosie et al., 2006). The previously identified residues of the o4 subunit are Q241 (located
near the intracellular portion of the TM1 domain), N407, and Y410 (located near the external
end of TM4) (Hosie et al., 2009). This binding site is highly conserved throughout the o subunit
family (a1-05). The homology model also accounts for a second putative neurosteroid binding
site that is involved in the direct activation of the receptor. This site is activated by super-
physiological concentrations of neurosteroids and appears to be located at the off interface.

Different endogenous steroids appear to modulate GABA receptors in two divergent ways,
potentiating or inhibiting receptor function depending on the presence of the 3a-hydroxi or
3B-sulfate group of sterol ring. For instance, nanomolar concentrations of THDOC, and
allopregnanolone (3a,5a-tetrahydroprogesterone or THP) increased GABA, receptor
currents, whereas low concentrations (micromolar) of pregnanolone sulfate and DHEAS
antagonize the receptor (Majewska, 2007). The most efficacious endogenous potentiators of
d-containing GABA receptors are neurosteroids with the 3a-hydroxi ring A-reduced pregnane
steroids. It has been proposed that such neurosteroids (THDOC) interact with both lipid
membrane and receptor proteins at the protein-lipid interface, stabilizing the open state of the
pore (Majewska, 2007). It has also been proposed that the plasma membrane is the most direct
and relevant access pathway in neurosteroid interaction with the GABAA, receptor (Akk et
al., 2005). Concordantly, on a single channel level, THDOC increases the efficacy of the

a1 P30 receptor by increasing the duration of channel opening and introducing a new open state
(Wohlfarth et al., 2002).

In opposition to this potentiation, THDOC and THP can also inhibit select §-containing
receptors by increasing desensitization in an apparently voltage-dependent manner. For these
GABA receptor combinations, an especially strong inhibition was observed for outward
chloride currents (Bianchi et al., 2002; Shen et al., 2007).
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GABA efficacy and THDOC enhancement of af3d receptors are critically dependent on the
exact subunit composition. For a4 gf2 30 receptors, maximum GABA currents were amplified
by THDOC ~2.8-fold (Wohlfarth et al., 2002; Meera et al., 2009). It was discovered by
comparing 1338 and ogB36 GABA receptor currents that 5-containing GABA receptors can
be potentiated by THDOC to a greater extent when § is in combination with the a4 subunit
(Wohlfarth et al., 2002). THDOC augmented maximum GABA currents of o132 receptors by
3.4 fold (Zheleznova et al., 2008). The highest degree of potentiation was reported for the

a1 P36 receptor, which was potentiated by a factor of ~10-17 fold by THDOC at saturating
concentrations of GABA (Bianchi et al., 2002; Wohlfarth et al., 2002; Kaur et al., 2009).

Inaddition to the increase in the maximum GABA-elicited current, there are noticeable changes
in the kinetics of the affd GABA receptor produced by THDOC. Normally, a mildly-
desensitizing and rapidly-deactivating receptor becomes highly-desensitizing, slowly-
deactivating. This effect could be explained if neurosteroids modify the gating behavior of the
apd receptors by allowing entry into a typically unavailable desensitized state (Wohlfarth et
al., 2002).

Tracazolate potentiation

A unique group of anxiolytic and anticonvulsive agents, pyrazolopyridines, (i.e. tracazolate,
etazolate and cartazolate) are powerful potentiators of 5-containing GABAA, receptors (Young
et al., 1987; Thompson et al., 2002), although the binding site of parazolopyridines has yet to
be identified. The & subunit is unlikely critical for pyrazolopyridine binding in GABAx
receptors, although receptors containing the & subunit are much more sensitive to
pyrazolopyridines. Pyrazolopyridines are less potent than benzodiazepines in modulating
apy receptors, generally producing a slight leftward shift in the GABA dose response curve.
In contrast to aBd receptors, high concentrations of pyrazolopyridines slightly inhibit chloride
currents from aff and afy receptors. Perhaps pyrazolopyridines have a higher affinity for the
desensitized state in these receptors (Thompson et al., 2002; Khom et al., 2006).

Tracazolate potentiates GABA-induced currents for 8-containing receptors beyond the
maximum for GABA alone. For example, tracazolate enhanced GABA maximum currents for
apP3d receptors nearly three-fold (Yang et al., 2005). The a4B3d potentiation by tracazolate at
an EC,y GABA concentration was nearly 14-fold higher than GABA alone and 3-fold higher
than maximal GABA currents, yet no significant effect on the GABA dose-response relation
(Thompson et al., 2002).

Tracazolate enhanced the current amplitude for a41f,6 in the presence of saturating GABA
concentrations even more than THDOC (23-fold increase by tracazolate and 3.4-fold increase
by THDOC, Fig.4). On the contrary, a1B and a4B2y3 receptors exhibited no increase in the
maximum current amplitude in the presence of tracazolate at saturating GABA concentrations.
We observed an increase in the current amplitude for a4, and a4y, receptors by tracazolate
only at low GABA concentrations due to a leftward displacement in the dose-response curve
(Zheleznova et al., 2008). Similar results have been obtained for o4B3y2 (Thompson et al.,
2002) and a4B3y; 2 receptors (Khom et al., 2006).

The logical explanation of these findings is similar to that for THDOC; tracazolate restores the
GABA efficacy of a1B,0 receptors by increasing the open state probability of the channel.
Indeed, tracazolate enhanced the GABA-induced maximum current amplitude nearly 25-fold,
on level with the a4, receptor maximum amplitude (Fig.4)(Zheleznova et al., 2008).
Tracazolate was not able to augment maximal GABA-activated current amplitudes for a4,
and a4 B2y, receptors, likely because these receptors were already at maximum efficacy.
Mutation of the 9’ leucine residue (L286S) within the second transmembrane domain has been
found to facilitate the receptor open state (Chang et al., 1996;Bianchi and Macdonald, 2001).

Psychoneuroendocrinology. Author manuscript; available in PMC 2010 December 1.
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When we introduced this mutation in the & subunit, it restored the gating efficacy of a4,6
(L286S) receptors and profoundly increased GABA-mediated current amplitudes (Fig.3). As
might be expected, tracazolate did not increase the efficacy of these mutant receptors
(Zheleznova et al., 2008).

Conclusion

GABA receptors are formed by co-assembly of subunits from a large multigene family, and
are differentially expressed throughout the brain. This heterogeneous expression provides a
unique profile of physiological and pharmacological properties of GABA receptors. For the
regions expressing extrasynaptic a1f3,6 receptors, the level of basal inhibition could be
increased by multiple factors due to potentiation of these receptors by endogenous
neurosteroids that increase their response to ambient GABA levels. This presents a unique
mechanism for recruiting inhibition without the cost of receptor trafficking to the surface or
the activation of intracellular signaling cascades and may play an important role in the
modulation and potential silencing of certain neuronal circuits. Unlike the most common
a4B2/30 Or agfo/30 combinations that are constantly active at nM GABA concentrations, the
a1 P20 receptor would be essentially silent even at saturating concentrations of GABA due to
its very low efficacy. However, under the influence of THDOC or tracazolate, this receptor
combination could exert a profound inhibitory influence on excitability in the CNS.
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Fig.1.

Table showing the different GABAa,c receptor subunits.
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Fig.2.

Ligand-gated ionic channel (LGICs) structure. A. Each GABA receptor subunit contains four
transmembrane domains (TM). B. The TM2 domain forms the wall of the channel pore. C.
The majority of native GABAA, receptors are composed of 2a, 2B and 1y subunit.
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Fig.4.

The fold increase by THDOC (A) and tracazolate (B) is shown with a saturating concentration
of GABA (100 uM) from oocytes expressing aq o (black bar) and a4p,6 (gray bar) GABAp
receptors.
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