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Abstract: GABAA receptors are pentameric ion channels that mediate most synaptic and tonic
extrasynaptic inhibitory transmissions in the central nervous system. There are multiple GABAA

receptor subtypes constructed from 19 different subunits in mammals that exhibit different regional
and subcellular distributions and distinct pharmacological properties. Dysfunctional alterations
of GABAA receptors are associated with various neuropsychiatric disorders. Short- and long-term
plastic changes in GABAA receptors can be induced by the activation of different intracellular
signaling pathways that are triggered, under physiological and pathological conditions, by calcium
entering through voltage-gated calcium channels. This review discusses several mechanisms of
regulation of GABAA receptor function that result from the activation of L-type voltage gated
calcium channels. Calcium influx via these channels activates different signaling cascades that lead
to changes in GABAA receptor transcription, phosphorylation, trafficking, and synaptic clustering,
thus regulating the inhibitory synaptic strength. These plastic mechanisms regulate the interplay of
synaptic excitation and inhibition that is crucial for the normal function of neuronal circuits.

Keywords: GABAA receptors; L-type voltage-gated calcium channels; transcription; phosphoryla-
tion; trafficking; clustering

1. Introduction

The activation of GABAA receptors in the mammalian brain is responsible for most
fast synaptic inhibition. They are members of the Cys-loop ligand-gated ion channel fam-
ily, which also includes nicotinic acetylcholine, 5-hydroxytryptamine type 3, and glycine
receptors. GABAA receptors are homo- or hetero-pentameric ion channels comprised in
mammals of different combinations of 19 subunits. Based on sequence homology, these
subunits are divided into eight subunit classes, some of them with several subtypes. Six α,
three β, three γ, one δ, one ε, one θ, one π, and three ρ subunits have been cloned [1]. Sub-
unit diversity is increased by alternative splicing and promoter usage. The most abundant
GABAA receptor is constructed from two α1, two β2, and one γ2 subunits. However, the
results from a recent report demonstrated that the β3 subunit is required for GABAergic
synaptic transmission [2]. The recent discovery of transmembrane accessory proteins that
modulate GABAA receptor trafficking and function indicates that the receptor exists as a
complex and adds an additional level of complexity to its regulatory mechanisms [3–8].

The activation of GABAA receptors in mature neurons predominantly leads to hy-
perpolarizing and inhibitory responses. In immature neurons, however, GABAA receptor
responses are depolarizing and excitatory. This change in the action of GABA is due to
the expression during the development of a K+-Cl− co-transporter, KCC2, which extrudes
chloride from the cells [9]. On the other hand, GABA actions can be depolarizing and
excitatory in the mature brain under physiological and pathological conditions that involve
intense GABAA receptor activation [10–13].

Dysfunctional alterations of GABAA receptors occur in numerous disorders such
as epilepsy [14–17], anxiety [18], depression [19], autism [16,17], schizophrenia [20], and
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Alzheimer’s disease [21], among others. Different allosteric modulators of GABAA recep-
tors, including benzodiazepine site ligands, barbiturates, ethanol, neuroactive steroids, and
some anesthetics, are pharmacologically important. Benzodiazepines, the most frequently
prescribed drugs acting at GABAA receptors, exert anxiolytic, sedative, anticonvulsant,
and muscle relaxant actions.

GABAergic synapses undergo short- and long-term plastic changes at both pre- and
post-synapses. Postsynaptic plasticity mainly relies on the modulation of GABAA receptors.
Calcium influx through voltage-gated calcium channels (VGCCs) acts as a second mes-
senger of an electrical signal regulating many physiological events. In particular, calcium
entering through L-type VGCCs can activate different signaling pathways that lead to
alterations in GABAA receptors.

Voltage-gated calcium channels open in response to membrane depolarization, al-
lowing calcium flux according to its electrochemical gradient. There are multiple types
of VGCC with characteristic physiological and pharmacological properties and different
distributions. In particular, L-type VGCCs exhibit a high voltage activation, large single-
channel conductance, and slow voltage-dependent inactivation [22]. They are up-regulated
by cyclic AMP (cAMP)-dependent phosphorylation mechanisms and antagonized by dihy-
dropyridines, phenylalkylamines, and benzothiazepines. L-type and T-type VGCCs are
expressed in many different cell types, whereas N-, P-, Q-, and R-type VGCCs are mainly
present in neurons [22,23].

Voltage-gated calcium channels are composed of a large pore-forming α1 subunit
and, with the exception of T-type VGCCs, are associated with auxiliary subunits named
α2δ and β. An additional γ subunit has been identified as part of skeletal muscle VGCCs.
There are ten isoforms of the α1 subunit, which can be classified into the following three
families: Cav1, Cav2, and Cav3. These subunits primarily define the different types
of calcium currents. There are four isoforms of α2δ and four isoforms of β subunits.
Alternative splicing of many of these subunits increases the variability [23,24]. The Cav1
type of the α1 subunit is a part of the L-type VGCCs. Most L-type VGCCs in the brain
(90%) are Cav1.2, whereas Cav1.3 channels represent 10%. Both isoforms are frequently
present in the same cell. These channels regulate neuronal firing and activate signaling
cascades involved in excitation–transcription coupling in the brain [22,24]. This review
discusses different signaling pathways activated by the calcium influx through L-type
VGCCs that control GABAA receptor function by means of the regulation of receptor
transcription, phosphorylation, intracellular trafficking, and synaptic clustering. These
plastic mechanisms are crucial for the regulation of the interplay of synaptic excitation and
inhibition that controls the function of neuronal circuits in the healthy brain (Figure 1).
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Figure 1. Regulation of GABAA receptors by calcium and allosteric modulators. Calcium entering through L-type voltage-
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brane. These processes can also be regulated by the prolonged exposure of receptors to different allosteric modulators. 
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Activity-regulated gene expression in the central nervous system is part of a regula-

tory mechanism of neurons to respond to environmental stimulation, and is important in 
development, learning and memory, programmed cell death, and drug addiction [25]. 
This coupling of synaptic activity to the nucleus allows for the control of gene expression 
by promoting new transcription and epigenetic modifications. 

The basal levels of free cytoplasmic calcium in neurons are actively maintained low 
(10–100 nM), relative to the extracellular milieu or intracellular storage compartments (2 
mM), by pumping calcium into the internal stores or outside the cell. Therefore, neurons 
can rapidly sense and respond to an increase in the intracellular calcium concentration. 
Calcium can enter into the cytoplasm of a postsynaptic neuron in different ways: from the 
extracellular space through NMDA or AMPA receptors, VGCCs, or from internal stores. 
Interestingly, different responses are induced depending on the route of calcium entry, 
thus leading to multiple patterns of gene expression [26]. For example, in cortical neurons, 
calcium influx through L-type VGCCs or NMDA receptors differentially regulates the ex-
pression of brain-derived neurotrophic factor (BDNF), a neurotrophin that plays im-
portant roles during neuronal development and in synaptic plasticity [27]. These multiple 
responses may be the result of differences in the calcium channels in terms of gating prop-
erties, subcellular localization, and/or association with specific signaling molecules. 

Because of several properties of L-type VGCCs, the calcium influx through these 
channels plays a predominant role in the coupling of the synaptic activity with transcrip-
tion. First, L-type VGCCs are located in cell bodies and proximal dendrites, in relative 
proximity to the nucleus. Second, these channels have a large single channel conductance 
and a slow inactivation rate. Finally, they are physically associated with key signaling 
molecules important for transcriptional control [28]. 

Calcium entering through L-VGCCs as a consequence of membrane depolarization 
is sensed by a high-affinity binding protein, calmodulin, which is anchored to the α1 sub-

Figure 1. Regulation of GABAA receptors by calcium and allosteric modulators. Calcium entering
through L-type voltage-gated calcium channels (VGCCs) as a consequence of membrane depolariza-
tion can regulate GABAA receptors’ function by means of changes in transcription, phosphorylation,
trafficking, and lateral diffusion of receptors on the plasma membrane. These processes can also be
regulated by the prolonged exposure of receptors to different allosteric modulators.
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2. Transcriptional Regulation

Activity-regulated gene expression in the central nervous system is part of a regulatory
mechanism of neurons to respond to environmental stimulation, and is important in
development, learning and memory, programmed cell death, and drug addiction [25]. This
coupling of synaptic activity to the nucleus allows for the control of gene expression by
promoting new transcription and epigenetic modifications.

The basal levels of free cytoplasmic calcium in neurons are actively maintained low
(10–100 nM), relative to the extracellular milieu or intracellular storage compartments
(2 mM), by pumping calcium into the internal stores or outside the cell. Therefore, neurons
can rapidly sense and respond to an increase in the intracellular calcium concentration.
Calcium can enter into the cytoplasm of a postsynaptic neuron in different ways: from
the extracellular space through NMDA or AMPA receptors, VGCCs, or from internal
stores. Interestingly, different responses are induced depending on the route of calcium
entry, thus leading to multiple patterns of gene expression [26]. For example, in cortical
neurons, calcium influx through L-type VGCCs or NMDA receptors differentially regulates
the expression of brain-derived neurotrophic factor (BDNF), a neurotrophin that plays
important roles during neuronal development and in synaptic plasticity [27]. These multi-
ple responses may be the result of differences in the calcium channels in terms of gating
properties, subcellular localization, and/or association with specific signaling molecules.

Because of several properties of L-type VGCCs, the calcium influx through these
channels plays a predominant role in the coupling of the synaptic activity with transcription.
First, L-type VGCCs are located in cell bodies and proximal dendrites, in relative proximity
to the nucleus. Second, these channels have a large single channel conductance and a
slow inactivation rate. Finally, they are physically associated with key signaling molecules
important for transcriptional control [28].

Calcium entering through L-VGCCs as a consequence of membrane depolarization is
sensed by a high-affinity binding protein, calmodulin, which is anchored to the α1 subunit
of this channel. Calcium-bound calmodulin either stimulates—or is necessary to trigger—
multiple cascades such as the activation of the guanine nucleotide exchange factor RasGRF,
which then activates the Ras-mitogen-associated protein kinase (MAPK) signaling pathway,
calcium/calmodulin-dependent protein kinases (CaMKs), adenylyl cyclase synthesis of
cAMP and activation of protein kinase A (PKA), and the calcineurin-mediated pathway. In
addition, a direct increase in calcium in the nucleus can be evoked by synaptic activity. The
stimulation of these pathways results in the activation of multiple preexisting transcription
factors in the nucleus by means of posttranslational protein modifications. One of the best-
characterized calcium-regulated transcription factors is the cAMP response element (CRE)-
binding protein (CREB). The activity of CREB is differentially regulated by phosphorylation
at multiple sites. The calcium-activated transcription factors bind to the regulatory regions
of genes to regulate their expression. Calmodulin is also anchored to the NR1 subunit of
NMDA receptors, sensing the calcium that enters through these receptors [28–30].

The chromosomal localization and structure of the GABAA receptor subunit genes,
including the binding sites for transcription factors and regulatory elements, have been
extensively studied [31,32]. Numerous evidence indicates that several neuronal activity-
regulated transcription factors, such as CREB, nuclear respiratory factor 1 (NRF-1), speci-
ficity protein 4 (Sp4), and nuclear factor of activated T cell 4 (NFATc4), modulate the gene
expression of GABAA receptor subunits, suggesting a role of calcium signaling to the nu-
cleus. The promoters of different GABAA receptor subunit genes exhibit consensus binding
sites for CREB, the typical calcium-dependent modulator of gene expression [31,32]. In
fact, CREB positively regulates the transcription of the GABAA receptor α1 subunit gene
via a protein kinase C (PKC)-dependent mechanism [33] in rat cortical neurons. It has
been reported that neuronal depolarization induces NRF-1 in rat cortical neurons, which
stimulates the transcription of the GABAA receptor β1 subunit gene [34], and Sp4 in murine
visual cortical neurons, which stimulates GABAA receptor α1/α2 subunit genes [35]. A
positive excitatory feedback mechanism was demonstrated in adult mouse hippocampal
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stem/progenitor cells, in which the stimulation of GABAA receptors induces neuronal
depolarization that produces an enhancement in the intracellular calcium concentration.
This increase results in the activation of NFATc4 via calcineurin, which in turn up-regulates
GABAA α2 and α4 subunit genes [36].

Immediate-early genes, which are downstream targets of CREB, further control
GABAA receptor subunit transcription, suggesting an indirect regulation of receptor expres-
sion by VGCCs. For example, early growth response factors (Egr) regulate the transcription
of GABAA subunit genes. In fact, Egr-1 up-regulates the expression of GABAA receptor α2,
α4, and θ subunit genes in the mouse hippocampus [37]. In addition, Egr-3 up-regulates the
transcription of the GABAA α4 subunit gene in the murine hippocampus after status epilep-
ticus [38] and as a consequence of neurosteroid withdrawal [39]. The role of BDNF (the
most widely investigated target of CREB) in mediating the activity-induced regulation of
GABAergic transmission has been extensively documented [40,41]. The signaling pathway
triggered by the precursor of BDNF, proBDNF, through binding to the p75 neurotrophin
receptor (p75NTR), activates the Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) cascade, which leads to the induction of the inducible cAMP early
repressor (ICER), resulting in transcriptional repression of the GABAA receptor β3 subunit
gene in the rat hippocampus [42]. During status epilepticus, the levels of BDNF increase,
leading to a decrease in the expression of the GABAA receptor α1 subunit and an increase
in the expression of α4 subunit in the rat hippocampus. The transcriptional repression of
the α1 gene occurs via the activation of the JAK/STAT signaling pathway, which produces
an increase in the expression of ICER [43]. The transcriptional stimulation of the α4 gene is
produced via a PKC/MAPK pathway that induces the synthesis of Egr3 [44]. On the other
hand, during development, depolarization induced by the activation of GABAA receptors
leads to an increase in calcium influx through L-type VGCCs in rat cerebrocortical neurons,
which stimulates the release of BDNF [45].

Numerous studies have reported that long-term exposure of GABAA receptors to
agonist or different modulators induces selective changes in the transcript levels of receptor
subunits, suggesting a transcriptional regulatory process [46–49]. Although the signaling
pathways triggered by the sustained receptor stimulation are not completely understood,
the activation of L-type VGCCs seems to be involved. Chronic GABA exposure of rat
primary cultured cortical neurons has been reported to induce a decrease in the GABAA
receptor density [50,51], which is contingent on the activation of L-type VGCCs and
involves the selective inhibition of subunit gene transcription [51–53]. Different reports
indicate that sustained treatments with benzodiazepines induce alterations in GABAA
receptors by mechanisms involving the activity of L-type VGCCs. L-type VGCC inhibitors
prevented the reduction of GABAA receptor currents produced by chronic benzodiazepine
administration in the rat hippocampus [54]. Moreover, the transcriptional repression of
the GABAA receptor α1 subunit gene, induced by prolonged benzodiazepine treatment
in rat cerebrocortical neurons, is contingent on the activity of L-type VGCCs [55]. As
calcium influx through these channels can lead to the activation of PKA [28–30], and it has
been shown that the activation of this kinase results in transcriptional inhibition of the α1
gene [33], it is tempting to speculate that chronic treatments with benzodiazepines result in
the activation of a cascade that involves calcium influx through L-type VGCCs, which in
turn activates a PKA signaling pathway, leading to transcriptional down-regulation of the
GABAA receptor α1 subunit gene. Interestingly, prolonged exposure of GABAA receptors
to benzodiazepines and ethanol regulates L-type VGCCs [56]. In particular, the chronic
administration of benzodiazepines potentiates calcium currents through L-type VGCCs
in rat hippocampal CA1 pyramidal neurons [57] and mouse cerebrocortical neurons [58],
likely due to an increase in the expression of L-type VGCC Cav1.2, Cav1.3, and α2/δ1
subunits [58].

The role of activation of L-type VGCCs in the regulation of GABAA receptor expres-
sion under certain pathological conditions, such as hypoxia, has been reported. Hypoxia
has severe dysfunctional effects in the central nervous system associated with an imbal-
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ance between excitatory and inhibitory transmission, which leads to excitotoxicity [59].
Transient hypoxia reduces GABAA receptor function in rat cerebrocortical neurons by a
mechanism that depends on the calcium influx through L-type VGCCs [60]. This down-
regulation is accompanied by a decrease in the transcript levels of α1, α5, β2, and γ2
GABAA receptor subunits in NT2-N neurons [61], suggesting a transcriptional regulation.
Interestingly, hypoxia stimulates calcium entry through L-type VGCC, which activates
calcineurin, resulting in a transient increase in L-type VGCC currents in cerebrocortical
neurons. These results suggest the existence of a positive feedback loop that amplifies
calcium signaling [62].

3. Trafficking Regulation

It was shown that distinct firing patterns of rat cortical pyramidal neurons, depending
on the behavioral state, bidirectionally regulate the trafficking of postsynaptic GABAA
receptors by activating different subtypes of VGCCs. During wakefulness, the repetitive
firing of these neurons induces the activation of L-type VGCCs, which produces the
stimulation of GABAA receptor endocytosis, finally resulting in long-lasting depression
of somatic inhibition. In contrast, during slow-wave sleep, the slow membrane potential
oscillation with firing at the depolarizing phase activates R-type VGCCs in addition to
L-type VGCCs. The activation of R-type VGCCs stimulates GABAA receptor exocytosis at
a greater degree than the internalization mediated by L-type VGCC activation, leading to
the long-lasting potentiation of somatic inhibition [63]. It remains unknown if these effects
are mediated by changes in the phosphorylation state of GABAA receptors.

The strength of GABAergic neurotransmission is contingent upon the degree of
GABAA receptor clustering that determines the number of receptors at synapses. Chronic
changes in neuronal activity can lead to alterations in the number of synaptic GABAA re-
ceptors, a phenomenon known as homeostatic synaptic plasticity. Saliba et al. [64] showed
that a chronic blockade of L-type VGCCs in rat hippocampal neurons decreases the number
of GABAA receptors at the synapses, in parallel with a reduction in the amplitude of
mIPSCs. Their results also indicate that calcium influx through L-type VGCCs regulates
the insertion of newly translated GABAA receptor subunits into the plasma membrane by a
mechanism that involves the activity of the proteasome. These observations suggest a role
of L-type VGCCs mediating adaptive homeostatic alterations in the strength of GABAergic
neurotransmission in response to prolonged changes in neuronal activity.

4. Phosphorylation Regulation

Changes in the phosphorylation state of GABAA receptors can alter the channel
function, receptor trafficking to and from the cell surface, and their sensitivity to allosteric
modulators [65,66]. In particular, GABAA receptor subunits are substrates of different
calcium-dependent protein kinases such as PKA and CaMKII, and thereby, VGCCs can
play a role in the posttranslational regulation of this receptor.

4.1. PKA

The regulation of GABAA receptor function by calcium-dependent kinases has been
studied in both expression systems and neuronal environments. Experiments performed in
heterologous expression systems showed that PKA-induced phosphorylation of β1 and β3
GABAA receptor subunits differentially regulated receptor activity. Phosphorylation of β1
at S409 by PKA resulted in the inhibition of GABA responses, whereas phosphorylation of
β3 at S408 and S409 by PKA led to the potentiation of GABA currents. Receptors containing
β2 subunits were not phosphorylated by PKA [67,68]. The effect of PKA activation on
GABAA receptor function in the brain is complex, probably due to the coexistence of
different populations of receptors with distinct subunit compositions [65].

In a recent study, Nakamura et al. [69] identified two phosphorylation sites on S359
and S379 of the α2 subunit in GABAA receptors. The phosphorylation state of S359 depends
on the activities of PKA and protein phosphatase 1 (PP1) and/or protein phosphatase
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2A (PP2A), and regulates the binding of gephyrin and collybistin to α2 in hippocampal
neurons. Therefore, the phosphoregulation of α2 is important to control the density of
GABAA receptors at inhibitory synapses.

Bohnsack et al. [70] demonstrated that the activation of PKA in cerebrocortical cultures
led to a decrease in the expression of synaptic GABAA receptor α4 subunits that was
associated with an increase in the phosphorylation at S408/S409 of GABAA receptor β3
subunits. In contrast, the activation of PKA resulted in an increase in the expression of
extrasynaptic α4-containing receptors. As the total expression of α4 subunits remained
unchanged, these alterations were likely due to changes in receptor trafficking.

The regulation of GABAA receptors by allosteric modulators may be altered by the
activity of calcium-dependent kinases. On the other hand, allosteric modulators can
regulate GABAA receptors by mechanisms that depend on the activation of these kinases.
The inhibition of PKA reduced the sensitivity of GABAA receptors to neurosteroids in
hippocampal CA1 pyramidal neurons, suggesting that the action of this endogenous
modulator depends on the phosphorylation status of this receptor [71]. Different reports
demonstrated that the regulation of GABAA receptors by continuous exposure to allosteric
modulators is mediated through mechanisms that involve the activity of PKA. For example,
the application of ethanol to cultured neurons altered GABAA receptor trafficking, leading
to changes in the expression of GABAA receptor α1 and α4 subunits at the cell surface
by a PKA-dependent mechanism [72–75]. In addition, the decrease in the amplitude of
GABAA receptor miniature inhibitory postsynaptic currents (mIPSCs) in CA1 pyramidal
neurons, induced by a chronic treatment with flurazepam, was associated with a reduction
in the PKA activity and PKA RIIβ protein [76]. A report from Ali et al. [77] showed that the
uncoupling of the GABA/benzodiazepine site interaction produced by diazepam exposure
of recombinant GABAA receptors expressed in Sf9 cells was inhibited by the activation
of PKA.

4.2. CaMKII

The activity of CaMKII enhanced GABA-evoked currents in a neuroblastoma-glioma
hybrid cell line expressing α1β3γ2 GABAA receptors by means of direct phosphorylation of
S383 on β3 subunits. The activation of CaMKII seemed to also induce the phosphorylation
of Y365/Y367 on γ2 subunits by endogenous tyrosine kinases. However, CaMKII failed to
modulate the function of β2-containing GABAA receptors expressed in this cell line [78,79].
In contrast, in cerebellar granule neurons, CaMKII modulated both β2- and β3-containing
receptors [80]. CaMKII increased the amplitude and decay times of spontaneous inhibitory
postsynaptic currents (sIPSCs) through a differential modulation of GABAA receptors
containing β2 or β3 subunits. Thus, the increased IPSC amplitude was associated with β2
GABAA receptors and the prolongation of IPSC duration due to phosphorylation of the β3
GABAA receptors [80].

The regulation of GABAA receptors by orexins (neuropeptides involved in the sta-
bilization of the waking state) seems to involve the activation of PKC and CaMKII. The
exposure of HEK cells expressing α1β1γ2S GABAA receptors and orexin receptors 1 (OX1R)
to orexin-A inhibits GABAA receptor currents. This effect depends on calcium and is asso-
ciated with the phosphorylation of S409 on β1 subunits of GABAA receptors by PKC and
CaMKII. This crosstalk between orexins and GABAA receptors could be relevant to the
regulation of the sleep−wake cycle [81].

Postsynaptic depolarization of Purkinje cells can induce a long-lasting potentiation of
GABAergic transmission at synapses formed by stellate cells on the Purkinje cells, referred
to as rebound potentiation, which seems to be involved in motor learning [82–86]. Re-
bound potentiation is triggered by an increase in intracellular calcium as a result of VGCC
activation. The induction of rebound potentiation depends on the activity of CaMKII [87],
and the association between GABAA receptor associated protein (GABARAP) and the
GABAA receptor γ2 subunit [88]. This form of plasticity is suppressed by the activation
of GABAB receptors during postsynaptic depolarization by means of a reduction of PKA
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activity [83,89]. This down-regulation of PKA activity leads to a decrease in the amount of
phosphorylated dopamine- and cAMP-regulated phosphor-protein 32 kDa (DARPP-32).
As phosphorylated DARPP-32 inhibits PP1, which in turn dephosphorylates CaMKII, the
activation of GABAB receptors results in the inhibition of CaMKII. A role for phospho-
rylation of GABAA receptor β subunits by CaMKII in rebound potentiation is possible.
In addition, the increase in the intracellular calcium concentration activates calcineurin,
which dephosphorylates DARPP-32 and thus suppresses rebound potentiation [89].

The insertion of GABAA receptors into the cell surface is regulated by a phosphoryla-
tion mechanism that involves the activation of L-type VGCCs. It was demonstrated in rat
hippocampal cultures that neuronal activity leads to the accumulation of GABAA receptors
composed of α5/β3 subunits at the plasma membrane, leading to the stimulation of tonic
currents, without influencing receptor endocytosis. This process is mediated by calcium
influx through L-type VGCCs, which induces an increase in β3 S383 phosphorylation by
CaMKII [90].

The effect of allosteric modulators of GABAA receptors can be regulated by the activity
of CaMKII. In fact, the stimulation of CaMKII in synaptosomal preparations induced an
enhancement of benzodiazepine binding that was accompanied by an increase in the
phosphorylation of the GABAA receptor α1 subunit [91].

5. Regulation of Clustering/Lateral Diffusion

As the endocytosis and exocytosis of GABAA receptors occur at extrasynaptic sites [92],
the lateral diffusion of receptors within the plane of the plasma membrane represents a
key process in targeting receptors to synapses. Therefore, the receptor exchange in and out
of synapses by lateral mobility, and the receptor stabilization at synapses, are important
steps that control synaptic strength. The diffusion properties of GABAA receptors are
regulated by their interaction with the scaffolding protein gephyrin. It was shown that
synaptic GABAA receptors have lower levels of lateral mobility than their extrasynaptic
counterparts, and that gephyrin plays a role limiting the diffusion of receptors that favors
their clustering at synapses [93].

Different reports demonstrate that clustering and lateral diffusion of GABAA receptors
can be regulated by calcium influx through L-type VGCCs. At early postnatal stages, depo-
larizing GABA actions induce gephyrin puncta in dendrites of mouse cortical pyramidal
neurons via the activation of GABAA receptors and L-type VGCCs [94]. The activity-
dependent regulation of GABAA receptor diffusion dynamics is also mediated by calcium
influx. Bannai et al. [95] demonstrated that an enhanced excitatory synaptic activity in rat
hippocampal neurons leads to a reduction in the cluster size of GABAA receptors and a
reduction in GABAergic mIPSCs. These changes occur in parallel with an enhancement
of the diffusion coefficient of GABAA receptors, which depends on the calcium signaling
via calcineurin. The sources of calcium are NMDA receptors and L-type VGCCs [95].
Moreover, the diffusion properties of GABAA receptors at the axon initial segment are
regulated by an activity-dependent mechanism that involves the activation of calcium
channels. It has been reported that the chronic depolarization of rat hippocampal neurons
increases the diffusion of GABAA receptors and decreases their synaptic residency time
in the axon initial segment. This enhanced lateral mobility of receptors is induced by the
activation of L-type VGCCs [96].

Interestingly, a report from Geisler et al. [97] indicated that presynaptic overexpression
of individual α2δ-2 subunits of VGCCs induced an increase in postsynaptic GABAA
receptor clustering in cultured mouse hippocampal neurons. Surprisingly, this effect was
observed in both GABAergic and glutamatergic synapses. The latter condition resulted
in the formation of mismatched synapses in excitatory neurons, which may be associated
with neuropsychiatric disorders.
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6. Regulation of GABAA Receptors by Other Sources of Calcium

Numerous evidence indicates that an increase in cytosolic calcium induced by its
influx through NMDA receptors or release from intracellular stores can regulate GABAA
receptor function. Calcium influx via NMDA receptors can mediate long-term plasticity
of GABAergic transmission by changes in GABAA receptor trafficking or lateral diffusion.
The activation of NMDA receptors can induce inhibitory long-term potentiation (iLTP)
or depression (iLTD), depending on the degree of receptor activation, which leads to
different levels of intracellular calcium increase. Moderate activation of NMDA recep-
tors that results in a moderate intracellular calcium rise induces iLTP by means of the
translocation of CaMKII to inhibitory synapses, which phosphorylates GABAA receptor β3
subunits at serine 383, producing an increase in the insertion and stabilization of receptors
at synapses [98–101]. In contrast, the strong activation of NMDA receptors induces higher
intracellular calcium levels, which elicit iLTD. The mechanism of iLTD involves the de-
phosphorylation of the GABAA receptor γ2 subunit at serine 327 by calcineurin inducing
an enhancement of lateral mobility of GABAA receptors, which causes the dispersal of
synaptic receptors [95,101–103].

Calcium release from intracellular stores has been demonstrated to regulate the lateral
mobility of GABAA receptors on the plasma membrane. Bannai et al. [95,104] reported a
mechanism of homeostatic stabilization of GABAergic synapses in rat hippocampal neu-
rons that occurs under conditions of basal synaptic activity and involves calcium release
from intracellular stores. The activation of group I metabotropic glutamate receptors by am-
bient glutamate stimulates IP3 receptor-dependent calcium release from the endoplasmic
reticulum, which in turn activates PKC, leading to a constraint of GABAA receptor lateral
diffusion and an increase in receptor clustering. The results from Brady et al. [105] showed
that during the transition from depolarizing, excitatory GABAA receptor signaling to a
hyperpolarizing inhibitory response, a phase with depolarizing inhibitory receptor activity
occurred in the cortical neurons. During this period, the activity of GABAA receptors
induced plastic changes in GABAergic synapses, which depend on intracellular calcium
release, extracellular signal-regulated kinase (ERK), and BDNF. The exposure of cortical
neurons to muscimol decreased the synaptic localization of γ2-containing GABAA recep-
tors and gephyrin. These changes were associated with a reduction in synaptic currents and
an increase in tonic currents mediated by γ2 GABAA receptors. The dispersal of γ2 GABAA
receptors was mediated by ERK and BDNF signaling, whereas the synaptic gephyrin
declustering was regulated by ERK signaling alone. The activation of ERK depended on
the release of calcium from intracellular stores. In addition, muscimol treatment induced
a reduction in presynaptic GAD65 levels by a mechanism that involved the activation of
BDNF/TrkB signaling.

Several studies indicate that GABAA receptor trafficking can be down-regulated under
pathological or pharmacological conditions by changes in the intracellular calcium that
result from the activity of NMDA receptors or the calcium mobilization from or into
intracellular stores. During prolonged epileptiform activity, in an in vitro model of status
epilepticus in rat hippocampal neurons, calcium entry through NMDA receptors was shown
to activate calcineurin producing a reduction in the surface levels of GABAA receptors
composed of α2 subunits [106]. Changes in calcium concentration in the endoplasmic
reticulum were demonstrated to regulate GABAA receptor trafficking. The D219N mutation
in the GABAA receptor α1 subunit, which is associated with an idiopathic epilepsy, leads to
the retention of the subunit in the endoplasmic reticulum and to its excessive degradation
by the proteasome. Verapamil, an L-type VGCC blocker, increases calcium concentration in
the endoplasmic reticulum facilitating the trafficking of the mutant subunit to the plasma
membrane in HEK293 and neuronal SH-SY5Y cells. It has been proposed that the increased
calcium in the endoplasmic reticulum stimulates the interaction between the α1(D219N)
subunit and two lectin chaperones, calnexin and calreticulin, which enhances the folding
and assembly of the mutant subunit, enabling its forward trafficking [107]. Prolonged
exposure of rat cerebrocortical neurons to diazepam induces the disassembly of GABAergic
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synapses, which is caused by a decrease in GABAA receptor surface levels. The underlying
mechanism involves PLCδ activation, calcium mobilization from intracellular stores, and
the activation of calcineurin, which results in the dephosphorylation of γ2 GABAA receptor
subunits, finally leading to an increase in receptor internalization [108].

7. Conclusions and Future Directions

The activation of L-type VGCCs triggers different signaling cascades that lead to
changes in GABAA receptor function (Figure 2).
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Figure 2. Different signaling mechanisms triggered by the activation of L-type VGCCs that lead to
GABAA receptor regulation. The calcium influx through L-type VGCCs activates different pathways,
such as Ras-MAPK, CaMK, PKA, and calcineurin cascades, which mediate the activity-dependent
regulation of transcription, phosphorylation, trafficking, and lateral diffusion of GABAA recep-
tors. The gene expression of different GABAA receptor subunits is regulated by several calcium-
dependent transcription factors, such as CREB and NFAT. Changes in the phosphorylation state of
GABAA receptors by calcium-activated kinases modulate receptor function and trafficking. Lat-
eral diffusion of GABAA receptors on the plasma membrane is regulated by calcium signaling
via calcineurin. GABAAR—GABAA receptor; AC—adenylyl cyclase; CaM—calmodulin; CaMKK—
calcium/calmodulin-dependent protein kinase kinase; CaMKII—calcium/calmodulin-dependent
protein kinase II; CaMKIV—calcium/calmodulin-dependent protein kinase IV; CaN—calcineurin;
ERK—extracellular signal-regulated kinase; MEK—mitogen-activated protein kinase kinase; MSK—
mitogen- and stress-activated protein kinase; Raf—Ras-activated factor; RSK—ribosomal s6 kinase.

L-type VGCCs play an important role in linking synaptic activity with transcription be-
cause of their gating properties, subcellular localization, and association with key signaling
molecules. Calcium entering through L-type VGCCs as a consequence of membrane depo-
larization leads to the activation of multiple transcription factors in the nucleus. Several of
these transcription factors bind to the promoters of different GABAA receptor subunit genes
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regulating receptor expression. Prolonged stimulation of GABAA receptors by positive
allosteric modulators also regulates the transcription of specific GABAA receptor subunit
genes by a mechanism that involves calcium influx through L-type VGCCs.

Chronic changes in neuronal activity induce alterations in phosphorylation, intracellu-
lar trafficking, and lateral diffusion on the plasma membrane of GABAA receptors that lead
to changes in the GABAA receptor number at postsynapses by mechanisms that depend
on the activation of L-type VGCCs. Therefore, the activity of L-type VGCCs plays an
important role in regulating the strength of GABAergic neurotransmission in physiological,
pharmacological, and pathological conditions.

GABAA receptors are also regulated by an increase in cytosolic calcium induced by its
influx through NMDA receptors or release from intracellular stores (Figure 3).
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Figure 3. Regulation of GABAA receptors by intracellular calcium from different sources other than the influx through L-type
VGCCs. The increase in cytosolic calcium induced by the release from intracellular stores (because of the activation of group
I metabotropic glutamate receptors or the stimulation of GABAA receptors) or the influx through NMDA receptors regulates
trafficking and lateral diffusion of GABAA receptors. GABAAR—GABAA receptor; mGluR-I—group I metabotropic
glutamate receptors; NMDAR—NMDA receptor; IP3R—inositol trisphosphate receptor.

The nervous system has the special property of continuously adapting to stimuli. For
example, alterations in neuronal activity dynamically regulate synaptic function. Although
activity-dependent regulation of synaptic strength was initially focused on excitatory
synapses, increasing evidence indicates that GABAergic synapses also exhibit this type of
plasticity. Calcium entering through VGCC represents a key messenger linking synaptic
activity to the regulation of GABAA receptor function. Despite the numerous studies on the
mechanisms of the activity-dependent regulation of GABAA receptors, important questions
remain to be elucidated in future investigations, namely:

- To further investigate the physiological role of GABAA receptor plasticity, more
in vivo studies are required.

- Future experiments are needed to differentiate the specific mechanisms of GABAA
receptor regulation that occur during normal development from the ones that persist
into adulthood.
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- The plastic mechanisms of receptor regulation associated with neurodevelopmental
disorders, such as epilepsy, autism, and schizophrenia, should be also investigated.

- As activity-dependent plasticity can occur simultaneously at inhibitory and excitatory
synapses, it is important to study how these two processes are coordinated.

Considering the pharmacological importance of GABAA receptors, the elucidation of the
molecular bases of receptor regulation will be crucial in the search for new therapeutic strategies.

Funding: This research was funded by Consejo Nacional de Investigaciones Científicas y Técnicas
(CONICET, Argentina), grant number 11220130100266.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Sieghart, W.; Sperk, G. Subunit composition, distribution and function of GABA-A receptor subtypes. Curr. Top. Med. Chem. 2005,

2, 795–816. [CrossRef] [PubMed]
2. Nguyen, Q.; Nicoll, R.A. The GABA A receptor b subunit is required for inhibitory transmission report the GABA A receptor b

subunit is required for inhibitory transmission. Neuron 2018, 98, 718–725. [CrossRef]
3. Martenson, J.S.; Yamasaki, T.; Chaudhury, N.H.; Albrecht, D.; Tomita, S. Assembly rules for GABAA receptor complexes in the

brain. Elife 2017, 6, e27443. [CrossRef] [PubMed]
4. Davenport, E.C.; Pendolino, V.; Kontou, G.; McGee, T.P.; Sheehan, D.F.; López-Doménech, G.; Farrant, M.; Kittler, J.T. An essential

role for the tetraspanin LHFPL4 in the cell-type-specific targeting and clustering of synaptic GABAA receptors. Cell Rep. 2017, 21,
70–83. [CrossRef] [PubMed]

5. Yamasaki, T.; Hoyos-Ramirez, E.; Martenson, J.S.; Morimoto-Tomita, M.; Tomita, S. GARLH family proteins stabilize GABAA
receptors at synapses. Neuron 2017, 93, 1138–1152. [CrossRef]

6. Ge, Y.; Kang, Y.; Cassidy, R.M.; Moon, K.M.; Lewis, R.; Wong, R.O.L.; Foster, L.J.; Craig, A.M. Clptm1 limits forward trafficking of
GABAA receptors to scale inhibitory synaptic strength. Neuron 2018, 97, 596–610. [CrossRef] [PubMed]

7. Han, W.; Li, J.; Pelkey, K.A.; Pandey, S.; Chen, X.; Wang, Y.X.; Wu, K.; Ge, L.; Li, T.; Castellano, D.; et al. Shisa7 is a GABAAreceptor
auxiliary subunit controlling benzodiazepine actions. Science 2019, 366, 246–250. [CrossRef] [PubMed]

8. Han, W.; Shepard, R.D.; Lu, W. Regulation of GABAARs by transmembrane accessory proteins. Trends Neurosci. 2021, 44, 152–165.
[CrossRef] [PubMed]

9. Rivera, C.; Voipio, J.; Payne, J.A.; Ruusuvuori, E.; Lahtinen, H.; Lamsa, K.; Pirvola, U.; Saarma, M.; Kaila, K. The K+/Cl-
co-transporter KCC2 renders GABA hyperpolarizing during neuronal maturation. Nature 1999, 397, 251–255. [CrossRef]

10. Sun, M.; Zhao, W.; Nelson, T.J.; Alkon, D.L. Theta rhythm of hippocampal CA1 neuron activity: Gating by GABAergic synaptic
depolarization. J. Neurophysiol. 2001, 85, 269–279. [CrossRef] [PubMed]

11. Cohen, I.; Navarro, V.; Clemenceau, S.; Baulac, M.; Miles, R. On the origin of interictal activity in human temporal lobe epilepsy
in vitro. Science 2002, 298, 1418–1421. [CrossRef]

12. Timofeev, I.; Grenier, Ã.F.; Steriade, M. The role of cholride-dependent inhibition and the activity of fast-spiking neurons during
cortical spike-wave electrographic seizures. Neuroscience 2002, 114, 1115–1132. [CrossRef]

13. Fujiwara-Tsukamoto, Y.; Isomura, Y.; Kaneda, K.; Takada, M. Synaptic interactions between pyramidal cells and interneurone
subtypes during seizure-like activity in the rat hippocampus. J. Physiol. 2004, 557, 961–979. [CrossRef]

14. Hernandez, C.C.; Macdonald, R.L. A structural look at GABA A receptor mutations linked to epilepsy syndromes. Brain Res.
2019, 1714, 234–247. [CrossRef]

15. Brooks-Kayal, A.R.; Shumate, M.D.; Jin, H.; Rikhter, T.Y.; Coulter, D.A. Selective changes in single cell GABA(A) receptor subunit
expression and function in temporal lobe epilepsy. Nat. Med. 1998, 4, 1166–1172. [CrossRef]

16. Braat, S.; Kooy, R.F. The GABAA receptor as a therapeutic target for neurodevelopmental disorders. Neuron 2015, 86, 1119–1130.
[CrossRef] [PubMed]

17. Frye, R.E.; Casanova, M.F.; Fatemi, S.H.; Folsom, T.D.; Reutiman, T.J.; Brown, G.L.; Edelson, S.M.; Slattery, J.C.; Adams, J.B.
Neuropathological mechanisms of seizures in autism spectrum disorder. Front. Neurosci. 2016, 10, 192. [CrossRef] [PubMed]

18. Nuss, P. Anxiety disorders and GABA neurotransmission: A disturbance of modulation. Neuropsychiatr. Dis. Treat. 2015, 11,
165–175. [CrossRef]

19. Maguire, J. Neuroactive steroids and GABaergic involvement in the neuroendocrine dysfunction associated with major depressive
disorder and postpartum depression. Front. Cell. Neurosci. 2019, 13, 83. [CrossRef] [PubMed]

20. Xu, M.Y.; Wong, A.H.C. GABAergic inhibitory neurons as therapeutic targets for cognitive impairment in schizophrenia. Acta
Pharmacol. Sin. 2018, 39, 733–753. [CrossRef] [PubMed]

21. Rissman, R.A.; Mobley, W.C. Implications for treatment: GABAA receptors in aging, Down syndrome and Alzheimer’s disease. J.
Neurochem. 2011, 117, 613–622. [CrossRef]

22. Catterall, W.A. Voltage-gated calcium channels. Cold Spring Harb. Perspect. Biol. 2011, 3, a003947. [CrossRef]

http://doi.org/10.2174/1568026023393507
http://www.ncbi.nlm.nih.gov/pubmed/12171572
http://doi.org/10.1016/j.neuron.2018.03.046
http://doi.org/10.7554/eLife.27443
http://www.ncbi.nlm.nih.gov/pubmed/28816653
http://doi.org/10.1016/j.celrep.2017.09.025
http://www.ncbi.nlm.nih.gov/pubmed/28978485
http://doi.org/10.1016/j.neuron.2017.02.023
http://doi.org/10.1016/j.neuron.2017.12.038
http://www.ncbi.nlm.nih.gov/pubmed/29395912
http://doi.org/10.1126/science.aax5719
http://www.ncbi.nlm.nih.gov/pubmed/31601770
http://doi.org/10.1016/j.tins.2020.10.011
http://www.ncbi.nlm.nih.gov/pubmed/33234346
http://doi.org/10.1038/16697
http://doi.org/10.1152/jn.2001.85.1.269
http://www.ncbi.nlm.nih.gov/pubmed/11152726
http://doi.org/10.1126/science.1076510
http://doi.org/10.1016/S0306-4522(02)00300-7
http://doi.org/10.1113/jphysiol.2003.059915
http://doi.org/10.1016/j.brainres.2019.03.004
http://doi.org/10.1038/2661
http://doi.org/10.1016/j.neuron.2015.03.042
http://www.ncbi.nlm.nih.gov/pubmed/26050032
http://doi.org/10.3389/fnins.2016.00192
http://www.ncbi.nlm.nih.gov/pubmed/27242398
http://doi.org/10.2147/NDT.S58841
http://doi.org/10.3389/fncel.2019.00083
http://www.ncbi.nlm.nih.gov/pubmed/30906252
http://doi.org/10.1038/aps.2017.172
http://www.ncbi.nlm.nih.gov/pubmed/29565038
http://doi.org/10.1111/j.1471-4159.2011.07237.x
http://doi.org/10.1101/cshperspect.a003947


Membranes 2021, 11, 486 12 of 15

23. Dolphin, A.C. Voltage-gated calcium channels and their auxiliary subunits: Physiology and pathophysiology and pharmacology.
J. Physiol. 2016, 594, 5369–5390. [CrossRef]

24. Zamponi, G.W.; Striessnig, J.; Koschak, A.; Dolphin, A.C. The physiology, pathology, and pharmacology of voltage-gated calcium
channels and their future therapeutic potential. Pharmacol. Rev. 2015, 67, 821–870. [CrossRef] [PubMed]

25. Benito, E.; Barco, A. CREB’s control of intrinsic and synaptic plasticity: Implications for CREB-dependent memory models. Trends
Neurosci. 2010, 33, 230–240. [CrossRef] [PubMed]

26. Greer, P.L.; Greenberg, M.E. From synapse to nucleus: Calcium-dependent gene transcription in the control of synapse develop-
ment and function. Neuron 2008, 59, 846–860. [CrossRef]

27. Ghosh, A.; Carnahan, J.; Greenberg, M.E. Requirement for BDNF in activity-dependent survival of cortical neurons. Science 1994,
263, 1618–1623. [CrossRef] [PubMed]

28. Yap, E.L.; Greenberg, M.E. Activity-regulated transcription: Bridging the gap between neural activity and behavior. Neuron 2018,
100, 330–348. [CrossRef]

29. Zieg, J.; Greer, P.L.; Greenberg, M.E. SnapShot: Ca2+-dependent transcription in neurons. Cell 2008, 134, 1080.e2. [CrossRef]
[PubMed]

30. Bengtson, C.P.; Bading, H. Nuclear calcium signaling. Adv. Exp. Med. Biol. 2012, 970, 377–405. [CrossRef]
31. Steiger, J.L.; Russek, S.J. GABA A receptors: Building the bridge between subunit mRNAs, their promoters, and cognate

transcription factors. Pharmacol. Ther. 2004, 101, 259–281. [CrossRef]
32. Joyce, C.J. In silico comparative genomic analysis of GABAA receptor transcriptional regulation. BMC Genom. 2007, 8, 203.

[CrossRef]
33. Hu, Y.; Lund, I.V.; Gravielle, M.C.; Farb, D.H.; Brooks-kayal, A.R.; Russek, S.J. Surface expression of GABA A receptors is

transcriptionally controlled by the interplay of cAMP-response element-binding protein and its binding partner inducible cAMP
early repressor. J. Biol. Chem. 2008, 283, 9328–9340. [CrossRef]

34. Li, Z.; Cogswell, M.; Hixson, K.; Brooks-Kayal, A.R.; Russek, S.J. Nuclear respiratory Factor 1 (NRF-1) controls the activity
dependent transcription of the GABA-A receptor Beta 1 subunit gene in neurons. Front. Mol. Neurosci. 2018, 11, 285. [CrossRef]

35. Nair, B.; Johar, K.; Priya, A.; Wong-Riley, M.T.T. Specificity protein 4 (Sp4) transcriptionally regulates inhibitory GABAergic
receptors in neurons. Biochim. Biophys. Acta Mol. Cell Res. 2016, 1863, 1–9. [CrossRef]

36. Quadrato, G.; Elnaggar, M.Y.; Duman, C.; Sabino, A.; Forsberg, K.; Di Giovanni, S. Modulation of GABAA receptor signaling
increases neurogenesis and suppresses anxiety through NFATc4. J. Neurosci. 2014, 34, 8630–8645. [CrossRef] [PubMed]

37. Mo, J.; Kim, C.H.; Lee, D.; Sun, W.; Lee, H.W.; Kim, H. Early growth response 1 (Egr-1) directly regulates GABAA receptor α2, α4,
and θ subunits in the hippocampus. J. Neurochem. 2015, 133, 489–500. [CrossRef] [PubMed]

38. Roberts, D.S.; Raol, Y.H.; Bandyopadhyay, S.; Lund, I.V.; Budreck, E.C.; Passini, M.A.; Wolfe, J.H.; Brooks-kayal, A.R.; Russek,
S.J. Egr3 stimulation of GABRA4 promoter activity as a mechanism for seizure-induced up-regulation of GABA A receptor α4
subunit expression. Proc. Nat. Acad. Sci. USA 2005, 102, 11894–11899. [CrossRef] [PubMed]

39. Gangisetty, O.; Reddy, D.S. Neurosteroid withdrawal regulates GABA-A receptor α4-subunit expression and seizure susceptibility
by activation of progesterone receptor-independent early growth response factor-3 pathway. Neuroscience 2010, 170, 865–880.
[CrossRef]

40. Grabenstatter, H.L.; Russek, S.J.; Brooks-Kayal, A.R. Molecular pathways controlling inhibitory receptor expression. Epilepsia
2012, 53 (Suppl. S9), 71–78. [CrossRef]

41. Porcher, C.; Medina, I.; Gaiarsa, J.L. Mechanism of BDNF modulation in GABAergic synaptic transmission in healthy and disease
brains. Front. Cell. Neurosci. 2018, 12, 273. [CrossRef]

42. Riffault, B.; Medina, I.; Dumon, C.; Thalman, C.; Ferrand, N.; Friedel, P.; Gaiarsa, J.L.; Porcher, C. Pro-brain-derived neurotrophic
factor inhibits gabaergic neurotransmission by activating endocytosis and repression of GABAA receptors. J. Neurosci. 2014, 34,
13516–13534. [CrossRef] [PubMed]

43. Lund, I.V.; Hu, Y.; Raol, Y.S.H.; Benham, R.S.; Faris, R.; Russek, S.J.; Brooks-Kayal, A.R. BDNF selectively regulates GABAA
receptor transcription by activation of the JAK/STAT pathway. Sci. Signal. 2008, 1, ra9. [CrossRef] [PubMed]

44. Roberts, D.S.; Hu, Y.; Lund, I.V.; Brooks-kayal, A.R.; Russek, S.J. Brain-derived neurotrophic factor ( BDNF ) -induced synthesis of
early growth response Factor 3 ( Egr3 ) controls the levels of type A GABA receptor α4 subunits in hippocampal neurons. J. Biol.
Chem. 2006, 281, 29431–29435. [CrossRef] [PubMed]

45. Porcher, C.; Hatchett, C.; Longbottom, R.E.; McAinch, K.; Sihra, T.S.; Moss, S.J.; Thomson, A.M.; Jovanovic, J.N. Positive feedback
regulation between γ-aminobutyric acid type A (GABAA) receptor signaling and brain-derived neurotrophic factor (BDNF)
release in developing neurons. J. Biol. Chem. 2011, 286, 21667–21677. [CrossRef]

46. Bateson, A. Basic pharmacologic mechanisms involved in benzodiazepine tolerance and withdrawal. Curr. Pharm. Des. 2002, 8,
5–21. [CrossRef]

47. Vinkers, C.H.; Olivier, B. Mechanisms underlying tolerance after long-term benzodiazepine use: A future for subtype-selective
GABA(A) receptor modulators? Adv. Pharmacol. Sci. 2012, 2012, 416864. [CrossRef]

48. Gravielle, M.C. Neurochemistry international regulation of GABA A receptors by prolonged exposure to endogenous and
exogenous ligands. Neurochem. Int. 2018, 118, 96–104. [CrossRef] [PubMed]

49. Gravielle, M.C. Activation-induced regulation of GABA A receptors: Is there a link with the molecular basis of benzodiazepine
tolerance? Pharmacol. Res. 2016, 109, 92–100. [CrossRef]

http://doi.org/10.1113/JP272262
http://doi.org/10.1124/pr.114.009654
http://www.ncbi.nlm.nih.gov/pubmed/26362469
http://doi.org/10.1016/j.tins.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20223527
http://doi.org/10.1016/j.neuron.2008.09.002
http://doi.org/10.1126/science.7907431
http://www.ncbi.nlm.nih.gov/pubmed/7907431
http://doi.org/10.1016/j.neuron.2018.10.013
http://doi.org/10.1016/j.cell.2008.09.010
http://www.ncbi.nlm.nih.gov/pubmed/18805099
http://doi.org/10.1007/978-3-7091-0932-8_17
http://doi.org/10.1016/j.pharmthera.2003.12.002
http://doi.org/10.1186/1471-2164-8-203
http://doi.org/10.1074/jbc.M705110200
http://doi.org/10.3389/fnmol.2018.00285
http://doi.org/10.1016/j.bbamcr.2015.10.005
http://doi.org/10.1523/JNEUROSCI.0047-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/24948817
http://doi.org/10.1111/jnc.13077
http://www.ncbi.nlm.nih.gov/pubmed/25708312
http://doi.org/10.1073/pnas.0501434102
http://www.ncbi.nlm.nih.gov/pubmed/16091474
http://doi.org/10.1016/j.neuroscience.2010.07.037
http://doi.org/10.1111/epi.12036
http://doi.org/10.3389/fncel.2018.00273
http://doi.org/10.1523/JNEUROSCI.2069-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25274828
http://doi.org/10.1126/scisignal.1162396
http://www.ncbi.nlm.nih.gov/pubmed/18922788
http://doi.org/10.1074/jbc.C600167200
http://www.ncbi.nlm.nih.gov/pubmed/16901909
http://doi.org/10.1074/jbc.M110.201582
http://doi.org/10.2174/1381612023396681
http://doi.org/10.1155/2012/416864
http://doi.org/10.1016/j.neuint.2018.05.015
http://www.ncbi.nlm.nih.gov/pubmed/29859230
http://doi.org/10.1016/j.phrs.2015.12.030


Membranes 2021, 11, 486 13 of 15

50. Mehta, A.K.; Ticku, M.K. Chronic GABA exposure down-regulates GABA-benzodiazepine receptor-ionophore complex in
cultured cerebral cortical neurons. Mol. Brain Res. 1992, 16, 29–36. [CrossRef]

51. Lyons, H.R.; Gibbs, T.T.; Farb, D.H. Turnover and down-regulation of GABA(A) receptor α1, β2S, and γ1 subunit mRNAs by
neurons in culture. J. Neurochem. 2000, 74, 1041–1048. [CrossRef]

52. Russek, S.J.; Bandyopadhyay, S.; Farb, D.H. An initiator element mediates autologous down-regulation of the human type A
γ-aminobutyric acid receptor β1 subunit gene. Proc. Natl. Acad. Sci. USA 2000, 97, 8600–8605. [CrossRef]

53. Lyons, H.R.; Land, M.B.; Gibbs, T.T.; Farb, D.H. Distinct signal transduction pathways for GABA-induced GABA(A) receptor
down-regulation and uncoupling in neuronal culture: A role for voltage-gated calcium channels. J. Neurochem. 2001, 78, 1114–1126.
[CrossRef]

54. Xiang, K.; Tietz, E.I. Chronic benzodiazepine-induced reduction in GABAA receptor-mediated synaptic currents in hippocampal
CA1 pyramidal neurons prevented by prior nimodipine injection. Neuroscience 2008, 157, 153–163. [CrossRef] [PubMed]

55. Foitzick, M.F.; Medina, N.B.; Iglesias García, L.C.; Gravielle, M.C. Benzodiazepine exposure induces transcriptional down-
regulation of GABAA receptor α1 subunit gene via L-type voltage-gated calcium channel activation in rat cerebrocortical neurons.
Neurosci. Lett. 2020, 721, 134801. [CrossRef] [PubMed]

56. Walter, H.J.; Messing, R.O. Regulation of neuronal voltage-gated calcium channels by ethanol. Neurochem. Int. 1999, 35, 95–101.
[CrossRef]

57. Xiang, K.; Earl, D.E.; Davis, K.M.; Giovannucci, D.R.; Greenfield, L.J., Jr.; Tietz, E.I. Chronic benzodiazepine administration
potentiates high voltage-activated calcium currents in hippocampal CA1 neurons. J. Pharmacol. Exp. Ther. 2008, 327, 872–883.
[CrossRef] [PubMed]

58. Katsura, M.; Shibasaki, M.; Kurokawa, K.; Tsujimura, A.; Ohkuma, S. Up-regulation of L-type high voltage-gated calcium channel
subunits by sustained exposure to 1,4- and 1,5-benzodiazepines in cerebrocortical neurons. J. Neurochem. 2007, 103, 2518–2528.
[CrossRef] [PubMed]

59. Yue, X.; Mehmet, H.; Penrice, J.; Cooper, C.; Cady, E.; Wyatt, J.S.; Reynolds, E.O.R.; Edwards, A.D.; Squier, M.V. Apoptosis and
necrosis in the newborn piglet brain following transient cerebral hypoxia-ischaemia. Neuropathol. Appl. Neurobiol. 1997, 23, 16–25.
[CrossRef]

60. Wang, L.; Greenfield, L.J. Post-hypoxic changes in rat cortical neuron GABAA receptor function require L-type voltage-gated
calcium channel activation. Neuropharmacology 2009, 56, 198–207. [CrossRef]

61. Gao, L.; Lyons, A.R.; Greenfield, L.J. Hypoxia alters GABAA receptor function and subunit expression in NT2-N neurons.
Neuropharmacology 2004, 46, 318–330. [CrossRef]

62. Xiang, K.; Earl, D.; Dwyer, T.; Behrle, B.L.; Tietz, E.I.; Greenfield, L.J. Hypoxia enhances high-voltage-activated calcium currents
in rat primary cortical neurons via calcineurin. Epilepsy Res. 2012, 99, 293–305. [CrossRef]

63. Kurotani, T.; Yamada, K.; Yoshimura, Y.; Crair, M.C.; Komatsu, Y. State-dependent bidirectional modification of somatic inhibition
in neocortical pyramidal cells. Neuron 2008, 57, 905–916. [CrossRef]

64. Saliba, R.S.; Gu, Z.; Yan, Z.; Moss, S.J. Blocking L-type voltage-gated Ca2+ channels with dihydropyridines reduces γ-aminobutyric
acid type A receptor expression and synaptic inhibition. J. Biol. Chem. 2009, 284, 32544–32550. [CrossRef]

65. Nakamura, Y.; Darnieder, L.M.; Deeb, T.Z.; Moss, S.J. Regulation of GABAARs by phosphorylation. In Advances in Pharmacology;
Academic Press Inc.: Cambridge, MA, USA, 2015; Volume 72, pp. 97–146.

66. Lorenz-Guertin, J.M.; Jacob, T.C. GABA type a receptor trafficking and the architecture of synaptic inhibition. Dev. Neurobiol.
2018, 78, 238–270. [CrossRef]

67. McDonald, B.J.; Amato, A.; Connolly, C.N.; Benke, D.; Moss, S.J.; Smart, T.G. Adjacent phosphorylation sites on GABAA receptor
β subunits determine regulation by cAMP-dependent protein kinase. Nat. Neurosci. 1998, 1, 23–28. [CrossRef]

68. Moss, S.J.; Smart, T.G.; Blackstone, C.D.; Huganir, R.L. Functional modulation of GABAA receptors by cAMP-dependent protein
phosphorylation. Science 1992, 257, 661–665. [CrossRef]

69. Nakamura, Y.; Morrow, D.H.; Nathanson, A.J.; Henley, J.M.; Wilkinson, K.A.; Moss, S.J. Phosphorylation on Ser-359 of the α2
subunit in GABA type A receptors down-regulates their density at inhibitory synapses. J. Biol. Chem. 2020, 295, 12330–12342.
[CrossRef] [PubMed]

70. Bohnsack, J.P.; Carlson, S.L.; Morrow, A.L. Differential regulation of synaptic and extrasynaptic α4 GABA(A) receptor populations
by protein kinase A and protein kinase C in cultured cortical neurons. Neuropharmacology 2016, 105, 124–132. [CrossRef] [PubMed]

71. Harney, S.C.; Frenguelli, B.G.; Lambert, J.J. Phosphorylation influences neurosteroid modulation of synaptic GABA A receptors
in rat CA1 and dentate gyrus neurones. Neuropharmacology 2003, 45, 873–883. [CrossRef]

72. Carlson, S.L.; Kumar, S.; Werner, D.F.; Comerford, C.E.; Morrow, A.L. Ethanol activation of protein kinase a regulates GABAA α1
receptor function and trafficking in cultured cerebral Cortical Neurons. J. Pharmacol. Exp. Ther. 2013, 345, 317–325. [CrossRef]

73. Carlson, S.L.; Bohnsack, J.P.; Morrow, A.L. Ethanol regulation of synaptic GABAA α4 receptors is prevented by protein kinase A
activation. J. Pharmacol. Exp. Ther. 2016, 357, 10–16. [CrossRef]

74. Carlson, S.L.; Bohnsack, J.P.; Patel, V.; Morrow, A.L. Regulation of extrasynaptic GABAA α4 receptors by ethanol-induced protein
kinase A, but not protein kinase C activation in cultured rat cerebral cortical neurons. J. Pharmacol. Exp. Ther. 2016, 356, 148–156.
[CrossRef]

http://doi.org/10.1016/0169-328X(92)90190-M
http://doi.org/10.1046/j.1471-4159.2000.0741041.x
http://doi.org/10.1073/pnas.97.15.8600
http://doi.org/10.1046/j.1471-4159.2001.00501.x
http://doi.org/10.1016/j.neuroscience.2008.08.049
http://www.ncbi.nlm.nih.gov/pubmed/18805463
http://doi.org/10.1016/j.neulet.2020.134801
http://www.ncbi.nlm.nih.gov/pubmed/32007495
http://doi.org/10.1016/S0197-0186(99)00050-9
http://doi.org/10.1124/jpet.108.144444
http://www.ncbi.nlm.nih.gov/pubmed/18812492
http://doi.org/10.1111/j.1471-4159.2007.04984.x
http://www.ncbi.nlm.nih.gov/pubmed/17949410
http://doi.org/10.1111/j.1365-2990.1997.tb01181.x
http://doi.org/10.1016/j.neuropharm.2008.07.004
http://doi.org/10.1016/j.neuropharm.2003.09.008
http://doi.org/10.1016/j.eplepsyres.2011.12.011
http://doi.org/10.1016/j.neuron.2008.01.030
http://doi.org/10.1074/jbc.M109.040071
http://doi.org/10.1002/dneu.22536
http://doi.org/10.1038/223
http://doi.org/10.1126/science.1323140
http://doi.org/10.1074/jbc.RA120.014303
http://www.ncbi.nlm.nih.gov/pubmed/32620552
http://doi.org/10.1016/j.neuropharm.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/26767953
http://doi.org/10.1016/S0028-3908(03)00251-X
http://doi.org/10.1124/jpet.112.201954
http://doi.org/10.1124/jpet.115.230417
http://doi.org/10.1124/jpet.115.228056


Membranes 2021, 11, 486 14 of 15

75. Kumar, S.; Ren, Q.; Beckley, J.H.; O’Buckley, T.K.; Gigante, E.D.; Santerre, J.L.; Werner, D.F.; Morrow, A.L. Ethanol activation
of protein kinase A regulates GABA A receptor subunit expression in the cerebral cortex and contributes to ethanol-induced
hypnosis. Front. Neurosci. 2012, 6, 44. [CrossRef]

76. Lilly, S.M.; Zeng, X.J.; Tietz, E.I. Role of protein kinase A in GABAA receptor dysfunction in CA1 pyramidal cells following
chronic benzodiazepine treatment. J. Neurochem. 2003, 85, 988–998. [CrossRef]

77. Ali, N.J.; Olsen, R.W. Chronic benzodiazepine treatment of cells expressing recombinant GABAA receptors uncouples allosteric
binding: Studies on possible mechanisms. J. Neurochem. 2001, 79, 1100–1108. [CrossRef]

78. Houston, C.M.; Smart, T.G. CaMK-II modulation of GABAA receptors expressed in HEK293, NG108-15 and rat cerebellar granule
neurons. Eur. J. Neurosci. 2006, 24, 2504–2514. [CrossRef]

79. Houston, C.M.; Lee, H.H.C.; Hosie, A.M.; Moss, S.J.; Smart, T.G. Identification of the sites for CaMK-II-dependent phosphorylation
of GABAA receptors. J. Biol. Chem. 2007, 282, 17855–17865. [CrossRef]

80. Houston, C.M.; Hosie, A.M.; Smart, T.G. Distinct regulation of β2 and β3 subunit-containing cerebellar synaptic GABAa receptors
by calcium/calmodulin-dependent protein kinase II. J. Neurosci. 2008, 28, 7574–7584. [CrossRef]

81. Sachidanandan, D.; Reddy, H.P.; Mani, A.; Hyde, G.J.; Bera, A.K. The neuropeptide orexin-A inhibits the GABAA receptor by
PKC and Ca2+/CaMKII-dependent phosphorylation of its β1 subunit. J. Mol. Neurosci. 2017, 61, 459–467. [CrossRef]

82. Kano, M.; Rexhausen, U.; Dreessen, J.; Konnerth, A. Synaptic excitation produces a long-lasting rebound potentiation of inhibitory
synaptic signals in cerebellar Purkinje cells. Nature 1992, 356, 601–604. [CrossRef]

83. Kawaguchi, S.Y.; Hirano, T. Suppression of inhibitory synaptic potentiation by presynaptic activity through postsynaptic GABA(B)
receptors in a Purkinje neuron. Neuron 2000, 27, 339–347. [CrossRef]

84. Tanaka, S.; Kawaguchi, S.Y.; Shioi, G.; Hirano, T. Long-term potentiation of inhibitory synaptic transmission onto cerebellar
Purkinje neurons contributes to adaptation of vestibulo-ocular reflex. J. Neurosci. 2013, 33, 17209–17220. [CrossRef]

85. Hirano, T.; Kawaguchi, S.Y. Regulation and functional roles of rebound potentiation at cerebellar stellate cell-Purkinje cell
synapses. Front. Cell. Neurosci. 2014, 8, 42. [CrossRef]

86. Hirano, T. Regulation and interaction of multiple types of synaptic plasticity in a purkinje neuron and their contribution to motor
learning. Cerebellum 2018, 17, 756–765. [CrossRef]

87. Kano, M.; Kano, M.; Fukunaga, K.; Konnerth, A. Ca2+-induced rebound potentiation of γ-aminobutyric acid-mediated currents
requires activation of Ca2+/calmodulin-dependent kinase II. Proc. Natl. Acad. Sci. USA 1996, 93, 13351–13356. [CrossRef]

88. Kawaguchi, S.Y.; Hirano, T. Sustained structural change of GABAA receptor-associated protein underlies long-term potentiation
at inhibitory synapses on a cerebellar purkinje neuron. J. Neurosci. 2007, 27, 6788–6799. [CrossRef]

89. Kawaguchi, S.Y.; Hirano, T. Signaling cascade regulating long-term potentiation of GABAA receptor responsiveness in cerebellar
Purkinje neurons. J. Neurosci. 2002, 22, 3969–3976. [CrossRef]

90. Saliba, R.S.; Kretschmannova, K.; Moss, S.J. Activity-dependent phosphorylation of GABA A receptors regulates receptor insertion
and tonic current. EMBO J. 2012, 31, 2937–2951. [CrossRef]

91. Churn, S.B.; Rana, A.; Lee, K.; Travis Parsons, J.; De Blas, A.; Delorenzo, R.J. Calcium/calmodulin-dependent kinase II phospho-
rylation of the GABAA receptor α1 subunit modulates benzodiazepine binding. J. Neurochem. 2002, 82, 1065–1076. [CrossRef]

92. Bogdanov, Y.; Michels, G.; Armstrong-Gold, C.; Haydon, P.G.; Lindstrom, J.; Pangalos, M.; Moss, S.J. Synaptic GABAA receptors
are directly recruited from their extrasynaptic counterparts. EMBO J. 2006, 25, 4381–4389. [CrossRef]

93. Jacob, T.C.; Bogdanov, Y.D.; Magnus, C.; Saliba, R.S.; Kittler, J.T.; Haydon, P.G.; Moss, S.J. Gephyrin regulates the cell surface
dynamics of synaptic GABAA receptors. J. Neurosci. 2005, 25, 10469–10478. [CrossRef]

94. Oh, W.C.; Lutzu, S.; Castillo, P.E.; Kwon, H.B. De novo synaptogenesis induced by GABA in the developing mouse cortex. Science
2016, 353, 1037–1040. [CrossRef]

95. Bannai, H.; Lévi, S.; Schweizer, C.; Inoue, T.; Launey, T.; Racine, V.; Sibarita, J.B.; Mikoshiba, K.; Triller, A.; Levi, S.; et al.
Activity-dependent tuning of inhibitory neurotransmission based on GABAAR diffusion dynamics. Neuron 2009, 62, 670–682.
[CrossRef] [PubMed]

96. Muir, J.; Kittler, J.T. Plasticity of GABAA receptor diffusion dynamics at the axon initial segment. Front. Cell. Neurosci. 2014, 8,
151. [CrossRef]

97. Geisler, S.; Schöpf, C.L.; Stanika, R.; Kalb, M.; Campiglio, M.; Repetto, D.; Traxler, L.; Missler, M.; Obermair, G.J. Presynaptic α2δ-2
calcium channel subunits regulate postsynaptic GABAA receptor abundance and axonal wiring. J. Neurosci. 2019, 39, 2581–2605.
[CrossRef] [PubMed]

98. Marsden, K.C.; Beattie, J.B.; Friedenthal, J.; Carroll, R.C. NMDA receptor activation potentiates inhibitory transmission through
GABA receptor-associated protein-dependent exocytosis of GABAA receptors. J. Neurosci. 2007, 27, 14326–14337. [CrossRef]

99. Marsden, K.C.; Shemesh, A.; Bayer, K.U.; Carroll, R.C. Selective translocation of Ca2+/calmodulin protein kinase IIα (CaMKIIα)
to inhibitory synapses. Proc. Natl. Acad. Sci. USA 2010, 107, 20559–20564. [CrossRef]

100. Petrini, E.M.; Barberis, A. Diffusion dynamics of synaptic molecules during inhibitory postsynaptic plasticity. Front. Cell. Neurosci.
2014, 8, 300. [CrossRef] [PubMed]

101. Luscher, B.; Fuchs, T.; Kilpatrick, C.L. GABAA receptor trafficking-mediated plasticity of inhibitory synapses. Neuron 2011, 70,
385–409. [CrossRef]

http://doi.org/10.3389/fnins.2012.00044
http://doi.org/10.1046/j.1471-4159.2003.01746.x
http://doi.org/10.1046/j.1471-4159.2001.00664.x
http://doi.org/10.1111/j.1460-9568.2006.05145.x
http://doi.org/10.1074/jbc.M611533200
http://doi.org/10.1523/JNEUROSCI.5531-07.2008
http://doi.org/10.1007/s12031-017-0886-0
http://doi.org/10.1038/356601a0
http://doi.org/10.1016/S0896-6273(00)00041-6
http://doi.org/10.1523/JNEUROSCI.0793-13.2013
http://doi.org/10.3389/fncel.2014.00042
http://doi.org/10.1007/s12311-018-0963-0
http://doi.org/10.1073/pnas.93.23.13351
http://doi.org/10.1523/JNEUROSCI.1981-07.2007
http://doi.org/10.1523/JNEUROSCI.22-10-03969.2002
http://doi.org/10.1038/emboj.2012.109
http://doi.org/10.1046/j.1471-4159.2002.01032.x
http://doi.org/10.1038/sj.emboj.7601309
http://doi.org/10.1523/JNEUROSCI.2267-05.2005
http://doi.org/10.1126/science.aaf5206
http://doi.org/10.1016/j.neuron.2009.04.023
http://www.ncbi.nlm.nih.gov/pubmed/19524526
http://doi.org/10.3389/fncel.2014.00151
http://doi.org/10.1523/JNEUROSCI.2234-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/30683685
http://doi.org/10.1523/JNEUROSCI.4433-07.2007
http://doi.org/10.1073/pnas.1010346107
http://doi.org/10.3389/fncel.2014.00300
http://www.ncbi.nlm.nih.gov/pubmed/25294987
http://doi.org/10.1016/j.neuron.2011.03.024


Membranes 2021, 11, 486 15 of 15

102. Wang, J.; Liu, S.H.; Haditsch, U.; Tu, W.H.; Cochrane, K.; Ahmadian, G.; Tran, L.; Paw, J.; Wang, Y.T.; Mansuy, I.; et al. Interaction
of calcineurin and type-A GABA receptor γ2 subunits produces long-term depression at CA1 inhibitory synapses. J. Neurosci.
2003, 23, 826–836. [CrossRef] [PubMed]

103. Muir, J.; Arancibia-Carcamo, I.L.; MacAskill, A.F.; Smith, K.R.; Griffin, L.D.; Kittler, J.T. NMDA receptors regulate GABAA
receptor lateral mobility and clustering at inhibitory synapses through serine 327 on the γ2 subunit. Proc. Natl. Acad. Sci. USA
2010, 107, 16679–16684. [CrossRef] [PubMed]

104. Bannai, H.; Niwa, F.; Sherwood, M.W.; Shrivastava, A.N.; Arizono, M.; Miyamoto, A.; Sugiura, K.; Lévi, S.; Triller, A.; Mikoshiba,
K. Bidirectional control of synaptic GABAAR clustering by glutamate and calcium. Cell Rep. 2015, 13, 2768–2780. [CrossRef]
[PubMed]

105. Brady, M.L.; Pilli, J.; Lorenz-Guertin, J.M.; Das, S.; Moon, C.E.; Graff, N.; Jacob, T.C. Depolarizing, inhibitory GABA type A
receptor activity regulates GABAergic synapse plasticity via ERK and BDNF signaling. Neuropharmacology 2018, 128, 324–339.
[CrossRef] [PubMed]

106. Eckel, R.; Szulc, B.; Walker, M.C.; Kittler, J.T. Activation of calcineurin underlies altered trafficking of α2 subunit containing
GABAA receptors during prolonged epileptiform activity. Neuropharmacology 2015, 88, 82–90. [CrossRef]

107. Han, D.Y.; Guan, B.J.; Wang, Y.J.; Hatzoglou, M.; Mu, T.W. L-type calcium channel blockers enhance trafficking and function of
epilepsy-associated α1(D219N) subunits of GABAA receptors. ACS Chem. Biol. 2015, 10, 2135–2148. [CrossRef]

108. Nicholson, M.W.; Sweeney, A.; Pekle, E.; Alam, S.; Ali, A.B.; Duchen, M.; Jovanovic, J.N. Diazepam-induced loss of inhibitory
synapses mediated by PLCδ/ Ca2+/calcineurin signalling downstream of GABAA receptors. Mol. Psychiatry 2018, 23, 1851–1867.
[CrossRef]

http://doi.org/10.1523/JNEUROSCI.23-03-00826.2003
http://www.ncbi.nlm.nih.gov/pubmed/12574411
http://doi.org/10.1073/pnas.1000589107
http://www.ncbi.nlm.nih.gov/pubmed/20823221
http://doi.org/10.1016/j.celrep.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26711343
http://doi.org/10.1016/j.neuropharm.2017.10.022
http://www.ncbi.nlm.nih.gov/pubmed/29074304
http://doi.org/10.1016/j.neuropharm.2014.09.014
http://doi.org/10.1021/acschembio.5b00479
http://doi.org/10.1038/s41380-018-0100-y

	Introduction 
	Transcriptional Regulation 
	Trafficking Regulation 
	Phosphorylation Regulation 
	PKA 
	CaMKII 

	Regulation of Clustering/Lateral Diffusion 
	Regulation of GABAA Receptors by Other Sources of Calcium 
	Conclusions and Future Directions 
	References

