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ABSTRACT
Inhibition in the brain is largely controlled by type-A GABA (γ-aminobutyric acid)
receptors (GABAARs). Deficits in the functional expression of GABAARs are implicated in
epilepsy, anxiety disorders, schizophrenia, cognitive deficits, depression, and substance abuse,
and GABAARs are also targets for the therapeutic effects of many clinically important drugs.
Inhibition can be mediated by synaptic GABAARs, which are activated in a transient or phasic
manner. Moreover, extrasynaptic GABAARs play an important role in mediating tonic inhibition
in the brain. Neural mechanisms that contribute to the balance between synaptic and
extrasynaptic GABAAR activation are still largely unknown. Here we show that overexpression
of the extrasynaptically localized α6β3δ, α6, and α5 subunits in cortical neurons can regulate the
number of GABAergic synapses, indicated by glutamic acid decarboxylase (GAD)-positive
puncta found on dendrites. GAD is an enzyme that catalyzes the decarboxylation of glutamate to
GABA, and serves as a proxy marker for inhibitory synapses. We found that overexpression of
α6β3δ, α6, or α5 alone caused a significant decrease in the number of GAD puncta compared to
GFP-transfected control neurons. Thus, extrasynaptically localized α6β3δ, α6, or α5-containing
receptors could also play a role in the regulation of inhibitory synapses. Based on our findings,
we propose a novel hypothesis that synaptic and extrasynaptic GABAARs interact together to
determine GABAergic synapse formation and function.
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CHAPTER 1
INTRODUCTION
GABAARs
The principal inhibitory neurotransmitter in the central nervous system is GABA (γaminobutyric acid). GABA is hyperpolarizing in mature neurons, which functions to increase
neuronal membrane permeability to chloride or bicarbonate ions. GABAARs mediates fast
synaptic inhibition in the brain by GABA (1)(2). GABAARs are part of a ligand gated ion
channel superfamily, composed of heteropentamers assembled from homologous subunits (3).
These receptors are composed of seven distinct subunit classes, which may contain multiple
members: α (1–6), β (1–3), γ (1–3), δ, ε (1–3), θ and π (4).
Different subunit compositions allow GABAARs to assume a wide range of
physiological and pharmacological properties, which can be targeted to specific regions of the
brain. For example, α1, α2, α3 or α5-containing (except extrasynaptically located α5 (5))
GABAARs together with β and γ subunits mediate phasic inhibition in the brain and are
responsive to the GABAAR agonist benzodiazepine. In contrast, α4 or α6 subunits together with
β and δ subunits are predominantly extrasynaptic receptor subtypes that mediate tonic inhibition
in the brain and are benzodiazepine-insensitive (6).
Fast synaptic inhibition by GABAergic synapses is a primary mediator of neuronal
excitability. Moreover, GABAergic synapses can be regulated by the delivery of different
GABAAR sub-types to their appropriate synaptic or extrasynaptic sites, which	
  can mediate the
balance of phasic and tonic inhibition in the brain, respectively. Thus, neural mechanisms that
regulate synaptic and tonic inhibition are primary contributors to the balance of excitation and
inhibition in the brain.
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Phasic and Tonic Inhibition
GABAergic inhibition is composed of phasic and tonic inhibition, mediated by synaptic
and extrasynaptic GABAARs, respectively. Phasic inhibition leads to a rapid and precise
transmission of presynaptic input into a postsynaptic response, which generates inhibitory
postsynaptic currents (IPSCs). At the axon terminal, calcium influx triggers the fusion of
synaptic GABA vesicles with the presynaptic membrane. The GABA neurotransmitter then
diffuses across the synaptic cleft and binds to the post-synaptic GABAARs, present in a small
number (7)(8), which triggers opening of their respective ion channels. A major feature of phasic
receptor activation is the short duration in which the receptors are exposed. The short presence of
GABA in the synaptic cleft is due to its rapid diffusion from the release site (9).
Tonic inhibition is slower than phasic activation (10) and is mediated by GABAARs
located extrasynaptically, which possess high affinity to GABA present in the extracellular
space. In contrast, synaptic GABAARs do not require high affinity to GABA in order to react
rapidly to rises in synaptic cleft GABA. Tonic activation is paracrine signaling i.e. it involves the
secretion of molecules from cells which act on other cells expressing appropriate receptors (11).
Moreover, tonic receptors are remote from sites of pre-synaptic GABA release and can be found
widespread in somatic, dendritic, and axonal regions of the neuron (12). Specifically, GABAmediated tonic conductance can be found in granule cells of the dentate gyrus (13),
thalamocortical relay neurons of the ventral basal complex (14), layer V pyramidal neurons in
the somatosensory cortex (15), CA1 pyramidal neurons (16), and in certain inhibitory neurons in
the CA1 region of the hippocampus.
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GABAAR Subunit Combinations that Mediate Brain Inhibition
Light-microscopic immunofluorescence and EM immunogold techniques have revealed
that GABAAR subunits such as α1, α2, α3, α6, β2/3, and γ2, were found at synapses in many
brain regions such as the cerebellum, globus pallidus, hippocampus, and neocortex (18-23).
However, each of these receptor subunits can be found extrasynaptically as well. Currently, no
GABAAR subunit type has been found exclusively at synaptic sites.
γ2-containing receptors in association with α1, α2, or α3 are the predominant receptorsubtypes that mediate phasic inhibition (11). GABAARs which mediate tonic inhibition have
specific characteristics. First, these GABAARs should have high GABA affinity so that they can
be activated by very low GABA concentrations in the extracellular space. A second important
factor to consider is ligand-gated ion channel desensitization after an agonist is bound to a
receptor, which is characterized by long periods of nonconductance. GABAARs with little
desensitization would be better suited to mediate tonic conductance. This is because fewer nondesensitizing receptors would be needed to generate a tonic conductance of a specific size
compared to many desensitizing receptors (3). So far, only the α5 and δ subunits in combination
with α4 and α6 and β2 or β3 show high affinity and limited desensitization (3). Moreover, δ, α5,
or

subunits individually or in combination with the α4, α6, and various β and γ subunits have

been shown to mediate tonic conductance in the brain.
The δ subunit is involved in tonic inhibition and does not appear to be localized at
synapses, but is rather found exclusively at extrasynaptic sites. δ can be found in somatic and
dendritic membranes of cerebellar granule cells (24) as well as at extrasynaptic and perisynaptic
locations in hippocampal dentate gyrus granule cells (25). The δ subunit also forms receptor
combinations with α6 and β2/3 in cerebellar granule cells and α4 and β subunits in several areas
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of the forebrain (26). A reason contributing to the lack of δ-containing GABAARs at synapses is
likely due to the lack of a γ subunit. For example, it was found that deletion of the γ2 gene in
mice led to a reduction in GABAAR clustering, mIPSC frequency, and the GABAAR
scaffolding protein gephyrin (3).
Aside from the δ subunit, other receptor subtypes could be present predominantly outside
synapses. For example, the α5 subunit in hippocampal pyramidal cells does not readily
colocalize with gephyrin and lacks detectable synaptic clustering (28)(29). One hypothesis is that
this could be attributed to the presence of the α5 subunit preventing the γ subunit from localizing
the receptor at synapses. However, some synaptic α5βγ2 receptors have been reported, which
contradicts this hypothesis (30) Furthermore, the presence of a γ subunit does not seem to
interfere with extrasynpatic clustering as α5βγ2-containing receptors are concentrated
predominantly at extrasynaptics sites (6)(29) and mediate tonic GABAergic currents (31).
Continuing, in hippocampal slices from mice lacking the α5 subunit, there was a reduction in the
amplitudes of evoked IPSCs in CA1 pyramidal cells compared to wild type (32). Lastly, deletion
of the α5 subunit in cultured hippocampal neurons can also lead to elimination of tonic
conductance (31), while overexpression of the α6 subunit can lead to increased tonic
conductance (33).
In cerebellar granule cells, deletion of the α6 and δ subunits lead to abolishment of the
GABAAR mediated tonic conductance (34)(35). Also, in granule cells of the dentate gyrus and
relay neurons of the ventral basal thalamus, deletion of the δ subunit can lead to decreased α4
subunit expression, which reduces tonic receptor activation (36). Lastly, the

subunit-

containing GABAARs found in CA3 pyramidal cells may contribute to a tonic current (37).
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Overall, receptors assemblies containing the δ, ε, α4, α5, or α6 subunits are mainly extrasynaptic.
Therapeutic Perspective on Tonic GABAAR Inhibition
Irregular expression of δ- containing GABAARs have been studied in certain models of
epilepsy (38)(39). The effects of stress and ethanol on the brain can also be better understood by
studying tonically active GABAARs which are highly sensitive to ethanol and neurosteroids
(40)(41). Continuing, α5 subunits have been linked to learning and memory (42)(43). Drugs that
are selective-inverse agonists for the α5 subunit, such as compounds L655,708 and RY80, have
potential use in treating cognitive dysfunction because it could reduce tonic inhibition mediated
by α5-containing GABAARs and thus, enhance the excitability of CA1/3 hippocampal neurons
(44). In addition, the α5 subunit gene is also a candidate gene for schizophrenia, and possibly for
bipolar disorder and depression (45). Lastly, tonic inhibition is therapeutically useful because it
is the site of action for several sedative-hypnotic drugs (46). For example, the use of Etomidate
for sedation and induction of general anesthesia relies on enhancing α5-mediated tonic
conductance in hippocampal pyramidal cells (47).
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Findings
Neural mechanisms that contribute to regulation of inhibitory balance in the brain are of
high interest and remain largely unknown. In this study, we show that overexpression of the
extrasynaptically localized α6β3δ, α6, α5 subunits in cortical neurons can regulate the number of
GABAergic synapses, indicated by glutamic acid decarboxylase (GAD)-positive puncta found
on dendrites. We found that overexpression of α6β3δ, α6, and α5 alone caused a significant
decrease in the number of GAD puncta compared to GFP-transfected neurons alone.
Based on our findings, we show that α6β3δ, α6, α5 could play a role in the regulation of
inhibitory synapses, specifically, targeting GABAARs from synaptic to extrasynaptic
membranes. We also propose a novel hypothesis that synaptic and extrasynaptic GABAARs
interact together to determine GABAergic synapse formation and function.
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CHAPTER 2
METHODS
Neuronal Culture
Cortical cultures were prepared from embryonic day 18 (E18) mouse embryos and were
cultured as previously described in (48). Neurons were plated at ~ 2.4x104 cells per coverslip
covered by a monolayer of astrocytes. The neuronal culture medium contained 500 ml (MEM)
(Invitrogen, Eugene, OR), 5% fetal bovine serum (HyClone, Logan, UT), 10 ml B-27
supplement (Invitrogen), 100 mg NaHCO3, 20 mM D-glucose, 0.5 mM L-glutamine, and 25
units/ml penicillin/streptomycin.

Transfections
Neurons were transfected at 7 days in vitro (DIV) using the calcium phosphate method as
described in (49). The transfection medium used contains 500 ml (MEM) and 20 mM D-glucose.
Briefly, coverslips from a 24-well neuronal culture plate were transferred to a new 24-well plate
containing 5% CO2 pre-equilibrated transfection medium. 25 µl solution of cDNA, 2M CaCl2,
and sterile H2O, and a 25 µl solution of 2X HBS, was mixed by gently vortexing in a VMR MV1
mini vortexer for only 2-3 s at 600 r.p.m. The DNA mixture was incubated for 12 min at room
temperature without any further vortexing. Afterwards, the DNA mixture was added dropwise to
the coverslips (50 µl per coverslip). The cells were then incubated for 30 min in a 5% CO2
incubator at 37 °C. After incubation, the coverslips were washed with 3XPBS and then incubated
for 15 minutes in a 5% CO2 incubator with transfection medium that was pre -equilibrated in a
10% CO2 incubator overnight. Lastly, the coverslips were transferred back to the original
neuronal culture plate.
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Immunocytochemistry
4 days after transfection of neuronal culture (DIV11), the cells were washed in Bath
solution, fixed in 4% paraformaldehyde in PBS for 10 minutes at room temperature,
permeabilized and blocked for 30 minutes with 0.1% Triton-X, 3% NGS, in PBS. Cells were
incubated with primary antibody overnight at 4°C, washed with PBS, and permeabilized with
0.05% Triton-X, in PBS (3X10 minutes). The cells were incubated with secondary antibody for
45 minutes at room temperature and permeabilized in 0.3% Triton-X, in PBS (3X10 minutes).
The cells were then mounted onto slides with Invitrogen ProLong Gold antifade reagent with
DAPI. The following primary antibodies were used: 1:500 Mouse-anti-GAD and 1:2000 Chickanti-GFP. The following secondary antibodies were used: 1:300 Invitrogen Alexa Fluor 647
Goat-anti-Mouse, and 1:2000 Invitrogen Alexa Fluor 488 Goat-anti-chicken. The cells were
imaged using a Nikon Eclipse TE2000-S microscope and SimplePCI imaging software.

Quantification
The number of GAD puncta was counted along 50µm of a dendrite and multiplied by 2 in
order to determine the number of puncta along 100 µm.

Statistics
All experiments were replicated at least three separate times. GraphPad Prism software
was used to generate the bar graphs and perform the statistical analyses. In Figure 1, statistical
comparisons with three or more groups were performed using One-Way-ANOVA and
comparisons of pairs of group means was performed using a Bonferroni post-test. In Figure 2,
the unpaired Student’s t-test was used to analyze means for the two groups.
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CHAPTER 3
RESULTS

Overexpression of α6β3δ and α6 subunit results in decreased GAD puncta on dendrites
Previously, we found that overexpression of α6β3δ and α6 in cortical neurons can reduce
the frequency of miniature inhibitory postsynaptic currents (mIPSCs), which are mediated by
phasic activation of GABAARs. In order to corroborate our electrophysiology findings, we
overexpressed α6β3δ and α6 subunit in cultured cortical neurons in order to observe their effects
in changing the number of synaptic GAD puncta, which is our proxy marker for inhibitory
synapses. A reduction in the frequency of mIPSCs can be attributed to a decrease in the number
of inhibitory synapses or GAD puncta and vice versa. We collected immunocytochemistry
images of neurons overexpressed with α6β3δ and α6 subunit, and GFP and stained with antiGAD. To assess the effects of overexpression of these subunit combinations on GAD, we
quantified the number of GAD puncta along 100 µm of dendrite for each neuron. Figure 1 shows
that overexpression of α6β3δ (3.0±0.32, n=60, p<0.0001) and α6 subunit (4.3±0.38, n=60,
p<0.0001) significantly reduces the number of GAD puncta in cultured cortical neurons
compared to GFP alone (8.8±0.55, n=60). There was no significant difference found for the
overexpression of α6β3δ vs. α6 subunit on changes in GAD puncta. We conclude that expression
of α6β3δ and α6 subunit plays a key role in the regulation of inhibitory synapses in cultured
cortical neurons, as shown by the decreases in GAD puncta. Importantly, this in vitro experiment
provides strong evidence for our electrophysiology finding that the overexpression of α6β3δ and
α6 subunit can have a functional effect in reducing the frequency of mIPSCs. Our experiments
suggest that α6β3δ and α6 subunit may be involved in the regulation of brain inhibition, by
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decreasing the amount of synaptic inhibition in favor of increasing the amount of tonic
inhibition.
Overexpression of α5 results in decreased GAD puncta on dendrites
The α5 subunit of GABAARs is predominantly found extrasynaptically. In hippocampal
slices, the lack of the α5 subunit in mice was previously shown to reduce the amplitudes of
evoked IPSCs in CA1 pyramidal cells compared to wild type. Similarly, in our electrophysiology
studies, we found that overexpression of the α5 subunit in cortical neurons can reduce the
frequency of mIPSCs. In order to support our electrophysiology findings, we also overexpressed
α5 in cultured cortical neurons in order to observe their effects in changing the number of GAD
puncta. Immunocytochemistry images of neurons overexpressed with α5 and GFP and stained
with anti-GAD were collected. Moreover, we quantified the number of GAD puncta along
100um of dendrite for each neuron. Figure 2 demonstrates that overexpressing α5 (5.2±0.36,
n=60, p<0.0001) significantly reduces the number of GAD puncta in cultured cortical neurons
compared to GFP alone (8.1±0.49, n=60). We conclude that expression of α5 also plays a key
role in the regulation of inhibitory synapses in cultured cortical neurons. The in vitro experiment
provides strong evidence for our electrophysiology finding that the overexpression of α5 can
have a functional effect in reducing the frequency of mIPSCs. Our experiments suggest that the
predominantly extrasynaptic α5 subunit may be involved in the regulation of brain inhibition by
decreasing the amount of synaptic inhibition in favor of increasing the amount of tonic
inhibition, similarly to α6β3δ and α6. This supports the hypothesis that synaptic and
extrasynaptic GABAARs interact together to determine GABAergic synapse formation and
function.
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Figure 1. A-I, Immunocytochemistry images for cortical neurons transfected with control-GFP
(A-C), α6-GFP (D-F), and α6β3δ-GFP (G-I) and stained for anti-GAD. J, Overexpression α6β3δ
and α6 receptors reduce the number of GAD puncta in cultured cortical neurons. Bar graph
showing the number of GAD puncta per 100 µm of a dendrite after overexpression of α6β3δ
(p<0.0001, n=60) and α6 (p<0.0001, n=60) in comparison with EGFP-alone.
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Figure 2. K-P, Immunocytochemistry images for cortical neurons transfected with GFP-control
(K-M) and α5-GFP (N-P), and stained for anti-GAD. Q, Overexpression of α5 reduces the
number of GAD puncta in cultured cortical neurons. Bar graph showing the number of GAD
puncta per 100 µm of a dendrite after overexpression of α5 (p<0.0001, n=60) in comparison with
EGFP-alone.
	
  
	
  

14	
  
	
  

CHAPTER 4
DISCUSSION

We found that overexpression of the extrasynaptically localized α6β3δ, α6, and α5
subunits can regulate the number of GABAergic synapses in cortical neurons. This provides
strong evidence for our previous electrophysiology findings that overexpression of α6β3δ, α6,
and α5 can reduce in the frequency of mIPSCs in cultured cortical neurons.
For α6β3δ and α6, it was previously known that in cerebellar granule cells, the δ subunit
forms receptor combinations with α6 and β2/3 (26) and that deletion of the α6 and δ subunits
lead to abolishment of the GABAAR mediated tonic conductance (33)(34). Also, overexpression
of the α6 subunit can lead to increased tonic conductance in cultured hippocampal neurons (33).
Our findings suggest that α6β3δ and α6 may play similar roles in increasing tonic inhibition in
cultured cortical neurons. Immunocytochemistry quantification of dendrites suggest that cortical
neurons overexpressing α6β3δ and α6 have reduced GABAergic innervation compared to GFPalone, as indicated by lower levels of synaptic GAD puncta. Moreover, this could mean that
extrasynaptically located GABAARs are up-regulated.
For α5, it was previously known the α5 subunit in hippocampal pyramidal cells does not
readily colocalize with gephyrin and lacks detectable synaptic clustering (28)(29). Furthermore,
in hippocampal slices from mice lacking the α5 subunit, there was a reduction in the amplitudes
of evoked IPSCs in CA1 pyramidal cells compared to wild type (32). Deletion of the α5 subunit
in cultured hippocampal neurons can also lead to elimination of tonic conductance (31), while
overexpression of the α6 subunit rescues the tonic conductance (33). Our findings suggest that
the α5 subunit of GABAARs may increase tonic inhibition in cultured cortical neurons as well.
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We found lower levels of GAD puncta when cortical neurons were overexpressed with α5
compared to GFP-alone, suggesting that synaptic inhibition down-regulated.
Our experimental findings provide evidence for a novel hypothesis that synaptic and
extrasynaptic GABAARs interact homeostatically in order to determine GABAergic synapse
formation and function. It is known that γ2-containing receptors in association with α1, α2, or α3
together with two β2 or β3 subunits are the predominant receptor-subtypes that contribute to
phasic inhibition (50). We found that overexpression of α6β3δ, α6, and α5, can decrease the
number of inhibitory synapses, leading to lower synaptic inhibition and possible increased tonic
inhibition. It is likely that the balance of brain inhibition can be mediated by neurons expressing
GABAAR subunit combinations that are specific for phasic and tonic activation. For example, if
fast synaptic inhibition in the brain too high, neurons could express α6β3δ, α6, and α5 in order to
decrease synaptic GABAARs and increase tonic GABAARs, leading to increased tonic
inhibition. Likewise if tonic inhibition is too high, neurons could express γ2-containing receptors
in order to increase the number of synaptic GABAARs and decrease the number of extrasynaptic
GABAARs, leading to increased phasic inhibition. Thus, the balance of brain inhibition could be
largely regulated by expression of specific GABAAR subunit combinations.
There are some limitations of this experiment. First, the experiment was conducted in
cultured cortical neurons, which may have different effects than if done in vivo. Second, we only
stained for GAD puncta and not directly for α6β3δ, α6, and α5. Thus, we are not entirely sure
that the actual levels of α6β3δ, α6, and α5 increased in the cortical neurons after transfection, and
also if the increase in α6β3δ, α6, and α5 were similar among our transfected neurons. Third, we
also noticed that some GFP-control neurons had reduced GAD puncta, which could due to the
harmful effects of producing GFP protein on neuronal health or could be attributed to the
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inability of some neuron sub-types to be innervated by GAD. Fourth, since we used GAD as a
proxy marker for inhibitory synapses, we cannot be entirely sure that the inhibitory synapse
number decreased. Quantifying colocalization of a pre and post synaptic marker e.g. GAD and
gephyrin, respectively, would more accurately identify inhibitory synapses. Although unlikely, if
post-synaptic markers for inhibitory synapses are considerably increased by overexpression of
α6β3δ, α6, and α5, then the number of inhibitory synapses could conceivably stay the same or
even increase regardless of a decrease in GAD puncta. Fifth, although we observed that α6β3δ,
α6, and α5 could decrease synaptic inhibition, we did not perform any experiments to rescue
synaptic inhibition, which would further confirm our proposed homeostatic hypothesis of brain
inhibition. Lastly, as a further control for this experiment, we could overexpress the mainly
synaptic α1 subunit, and see if this results in an increase or decrease in GAD innervation. A
decrease in GAD innervation would suggest activation of a mechanism that promotes
competition for GABAAR trafficking proteins or chaperones that could mitigate the effect of the
transfected α1 subunit.
Future experiments would include extending our experiment in vivo, and looking at the
effect of knocking out the α6 and α5 subunits on processes such as experience-dependent
plasticity in the visual cortex, which rely on the function and maintenance of GABAergic
synapses. Second, we could knock out the γ2 subunit using RNA interference or shRNA
mediated- knockdown in cortical neurons in order to see if there is a decrease in GAD
innervation and synaptic inhibition. Third, in order to conduct rescue experiments of synaptic
inhibition in cultured cortical neurons, we could overexpress α6β3δ, α6, or α5 initially, while
also transfecting γ2-containing receptors under control of an inducible tetracycline-on (Tet-On)
responsive system. Addition of doxycycline at a later time-point after transfection would lead to
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induced expression of the γ2-containing receptors. We could then see if induction counteracts the
initial expression of α6β3δ, α6, or α5 and rescues synaptic inhibition. Lastly, it would also be
important to begin using mice to investigate the role of various GABAAR subunits such as α6,
α5, δ, γ, and ε in the context of major neurological diseases such as Alzheimer’s.
Dynamic regulation of the expression and function of GABAARs is essential for all
aspects of brain function. GABAAR activity is known to control key processes in brain
development, such as proliferation and differentiation of neural progenitors, neural migration,
and dendritic maturation of neurons (50). Deficits in the functional expression of GABA-A
receptors are implicated in epilepsy, anxiety disorders, schizophrenia, cognitive deficits,
depression, and substance abuse, and GABAARs are also targets for the therapeutic effects of
many clinically important drugs. Thus, a detailed understanding of mechanisms that regulate
expression of GABAARs at synaptic and extrasynaptic sites is a prerequisite for an
understanding of the origins of the many globally prevalent brain disorders. Here show that
overexpression of the extrasynaptically localized α6β3δ, α6, α5 subunits can regulate the number
of GABAergic synapses in cortical neurons. This provides evidence for a novel hypothesis that
synaptic and extrasynaptic GABAARs interact homeostatically in order to determine
GABAergic synapse formation and function.
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