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Abstract 
 

The efficacy of inhibitory neurotransmission is dependent on the accumulation of specific 

synaptic GABAA receptor (GABAAR) subtypes at the appropriate synaptic sites. To 

assess the role of a 15 amino acid motif found in the intracellular loop domain (ICD) of 

the GABAAR α2 subunit in selective inhibitory synaptogenesis, I generated a novel 

mouse model in which this α2 ICD motif has been knocked-in to the α1 subunit (Gabra1-

2). This mutation leads to an enhanced in vivo interaction between the chimeric α1 

subunit and the inhibitory synapse proteins collybistin and gephyrin and is sufficient to 

target α1-GABAARs to axo-axonic synapses at the axon initial segment. The Gabra1-2 

mutation also constitutes an inhibitory synapse targeting motif, causing the over-

accumulation of α1-GABAARs at synapses in the soma and dendrites, resulting in larger 

inhibitory synaptic currents. Gabra1-2 mice display an anxiolytic phenotype, alterations 

in baseline network oscillations, and decreased susceptibility to kainate-induced 

seizures. In addition, the Gabra1-2 mutation is able to rescue the spontaneous seizure 

and early postnatal death phenotype found in the previously described Gabra2-1 mouse, 

which lacks inhibitory synapses at the AIS. Taken together, my results demonstrate that 

the presence of the α2 ICD motif allows for subtype-selective binding of its GABAAR to 

collybistin and aggregation of the receptor in the inhibitory synaptic space. Increased 

synaptic clustering of the chimeric α1-GABAARs alters inhibitory neurotransmission and 

confers resilience to ictogenesis, demonstrating that manipulating the selective targeting 

of GABAAR subtypes may represent a novel therapeutic strategy to treat epilepsy. 
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Chapter 1: Introduction 
 

Inhibitory interneurons precisely control the firing of glutamatergic pyramidal 

neurons, regulating network activity, generating circuit oscillations, and terminating 

pathological excitation that can lead to seizures.1–3 Most fast GABAergic 

neurotransmission is mediated by GABAA receptors, heteropentameric ligand-gated ion 

channels that allow a Cl- influx and subsequent hyperpolarizing current when GABA 

binds. These receptors can be composed from 19 different subunits, but synaptic 

GABAARs are generally assembled from 2 α(1-3), 2 β(1-3), and 1 γ2 subunit.4,5 The 

specific subunit composition of a given GABAAR confers distinct physiological and 

pharmacological properties,6,7 and the fidelity of inhibitory neurotransmission is 

dependent on the accumulation of different receptor subtypes at the appropriate 

postsynaptic sites within the neuron. For decades, the scientific community has known 

that GABAARs containing the α1 subunit tend to be found in dendritic synapses, while 

those containing α2 are highly enriched in axo-axonic synapses found at the axon initial 

segment (AIS),8–10 the site of action potential initiation.11  

We have recently shown that disturbing the α1/α2 subunit distribution in a mouse 

model (Gabra2-1) can disrupt inhibitory control of excitation, leading to seizures and 

early mortality.12 Based on isothermal titration calorimetry data that suggested that a 15 

amino acid sequence within the intracellular domain (ICD) of the α2 subunit mediated 

preferential binding of the subunit to the inhibitory synapse structural protein collybistin, 

we generated a transgenic mouse in which the α2 motif was replaced with the 

analogous sequence of α1, termed the Gabra2-1 mouse. Gabra2-1 hippocampal 

neurons displayed a loss of α2 positive GABAARs—and, indeed, the majority of 

inhibitory synapses—at the AIS, suggesting that the interaction between the α2 ICD and 
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collybistin is critical to the formation of these inhibitory axo-axonic synapses. Phasic 

inhibition was impaired in Gabra2-1 neurons, and, most importantly, Gabra2-1 

heterozygous and homozygous pups developed spontaneous seizures in the early 

postnatal period, leading to early death peaking at 60-80% mortality at postnatal day 20.  

These data strongly suggest that subtype specific GABAAR-mediated 

neurotransmission at the AIS is essential to maintaining the inhibitory control of 

excitation and preventing the development of seizures. Clearly, pyramidal neurons must 

precisely control the allocation of GABAAR subtypes to specific subcellular sites, 

perhaps via preferential interactions with intracellular proteins residing at the inhibitory 

synapse, such as collybistin. Although the above findings shed some light on the 

mechanisms by which neurons achieve this precise subcellular distribution, for my PhD I 

have endeavored to further elucidate this critical process. My initial focus was on using a 

novel knock-in mouse in which the collybistin-binding α2 ICD motif was substituted into 

the α1 subunit (the Gabra1-2 mouse) to determine if this motif mediates a preferential 

interaction with collybistin in brain tissue and is sufficient to target its receptor to AIS 

synapses. My data supported both of these hypotheses. In addition, further 

characterization of the Gabra1-2 mouse led to the realization that the α2 ICD motif does 

not solely allow for receptor stabilization at the AIS, but appears to constitute a general 

synaptic targeting motif, promoting the anchoring of GABAARs at the synapse versus the 

extrasynaptic space throughout the neuron. These data explain the relatively greater 

synaptic clustering of α2-containing GABAARs over α1-containing receptors that our lab 

has observed in the past.13 I also established that the Gabra1-2 mouse showed 

enhanced phasic neurotransmission in the hippocampus, resulting in an anxiolytic 

behavioral phenotype and reduced susceptibility to chemogenic seizures. Importantly, 
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crossing the Gabra1-2 mouse with the previously described Gabra2-1 mouse12 rescued 

the lethal seizure phenotype of Gabra2-1 animals.  

Taken together, my findings represent the first evidence of an in vivo preferential 

interaction between collybistin and the α2 ICD motif and show that this interaction is 

sufficient to anchor α1-GABAARs at the AIS. In addition, my data present a possible 

mechanism for the synaptic stabilization of specific GABAAR subtypes and a biological 

underpinning for inhibitory control of aberrant epileptic activity. These insights not only 

improve our understanding of subtype-specific inhibitory synaptogenesis, but also reveal 

a new avenue of investigation into the etiology of and treatments for epileptic disorders. 

 

1.1 GABAARs 
 
 
1.1.1 GABAAR function 

 

In the mature mammalian central nervous system, the primary mediators of fast 

inhibitory neurotransmission are the γ-aminobutyric type A receptors (GABAARs), 

members of the Cys-loop ligand-gated ion channel family. This family also includes 

glutamate, strychnine-sensitive glycine, nicotinic acetylcholine, serotonin (5-HT3), and 

zinc-activated receptors.14–16 GABAARs are heteropentameric, ligand-gated ion channels 

that open when the neurotransmitter GABA binds and induces a conformational change 

in the receptor.17–19 GABAARs are primarily permeable to chloride anions (Cl-), although 

bicarbonate ions can also pass through the receptor’s intrinsic channel.20–23 In early 

development, high intracellular chloride levels generated by the cation-chloride 

transporter Na+-K+-Cl- cotransporter (NKCC1) set the Cl- reversal potential (ECl
-) higher 

than the resting membrane potential (Vm), resulting in a depolarizing response to 

GABAAR opening.23,24 In the adult, the expression of NKCC1 decreases and the 
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expression of another cation-chloride transporter, the K+/Cl- cotransporter (KCC2) 

increases, leading to a reduction in intracellular chloride such that the ECl
- is more 

negative than the Vm.23,25,26 Thus, in the mature brain, GABAAR-mediated 

neurotransmission produces a hyperpolarizing response—an inhibitory postsynaptic 

current (IPSC)—that reduces the probability of action potential firing.27 

 This GABAergic signaling is essential for normal brain function, which depends 

on a dynamic relationship between excitatory and inhibitory neurotransmission.3,28 On a 

cell-to-cell scale, presynaptic interneurons use GABAergic neurotransmission to 

precisely control action potential firing in excitatory pyramidal neurons that express 

GABAARs, thus shaping and regulating the activity patterns of whole circuits and 

networks. On a systems level, GABAAR-mediated signaling contributes to the generation 

of network oscillations and prevents the spread of pathological ictal activity resulting 

from aberrant excitatory discharges.2,3 GABAARs are the site of action for a wide variety 

of compounds, including benzodiazepines, barbiturates, neurosteroids, anaesthetics, 

and alcohol.29,30 In addition, deficits in GABAergic neurotransmission are implicated in 

the etiology of many neuropsychiatric disorders, including autism spectrum disorders,31 

schizophrenia,32 and epilepsy.3,33,34 Thus, GABAARs are of great clinical significance and 

are prime targets for the development of new drug treatments.  

 

1.1.2 GABAAR structure 
 

GABAARs can be assembled from eight subunit classes: α(1-6), β(1-3), γ(1-3), δ, ε, θ, π, 

and ρ(1-3),4,5,35 putting the number of possible subunit combinations in the thousands, 

but only certain subunit combinations are actually functionally expressed in the brain. 

The typical stoichiometric ratio is 2α:2β:1γ or δ,18,36 with GABA binding at the interfaces 



 5 

between the α and β subunits.37 60% of GABAARs in the brain contain an α1 subunit, 

and the most common GABAAR subtype is α1β2γ2.18,35  

 GABAAR subunits share a highly homologous amino acid sequence and protein 

structure. Each subunit is composed of a large, extracellular N-terminal domain, four 

transmembrane domains (TMs), a large intracellular loop domain (ICD) between TM3 

and TM4, and a short, extracellular C-terminal domain.30,38,39 The five subunits that make 

up each receptor are arranged around the central ion pore, with TM2 of each subunit 

lining the channel.40,41 The TMs are each made up of 4 α-helical bundles.42 The N-

terminal domain comprises a single α-helix followed by 10 β strands and is the site of 

GABA binding.30 Two molecules of GABA bind between both of the α/β interfaces, 

inducing a conformational change in which extracellular cys-loops interact with the TM2-

TM3 linker regions, causing the α helices in the TM2 domains to bend outward, opening 

the ion channel.43,44 The ICD is the site of protein-protein interactions and post-

translational modifications that can directly affect receptor trafficking and function.4,45–47 

Interestingly, the ICD is also the area of greatest amino acid sequence variability 

between subunits,48 making it a prime candidate for differential regulation of GABAAR 

subtypes. 

 

1.1.3 GABAAR subtypes 
 

The subunit composition of the GABAAR is known to be essential for determining 

receptor localization and function. For instance, γ-containing GABAARs are localized at 

postsynaptic sites, where they bind millimolar concentrations of GABA released from the 

presynaptic terminal and generate fast, transient inhibitory currents that briefly move the 

Vm away from the action potential threshold—termed phasic inhibition.27,49 Those 

receptors that contain the δ subunit reside in the extrasynaptic space, where they bind 
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ambient nanomolar concentrations of GABA to produce a persistent tonic current that 

dampens baseline neuronal excitability.49,50 Beyond these general electrophysiological 

properties, the specific α subunit composition of GABAARs determines the kinetics of 

inhibitory currents, particularly their decay time.6 

 In addition, α subunits have been found to differentiate GABAAR subtypes 

pharmacologically: different α subunits mediate different effects of benzodiazepines 

(BZ), a class of molecules that bind at the α/γ interface and allosterically potentiate 

GABAARs by increasing their affinity for GABA and enhancing the channel open time.51 

By generating specific α subunit point mutants that impair the binding of BZs, it has been 

determined that α1 subunits mediate the sedative, anti-convulsive, and amnestic effects 

of BZs, the α2 subunit mediates the anxiolytic, rewarding, and muscle-relaxing effects, 

the α3 subunit mediates mood-related effects, and the α5 subunit mediates the cognitive 

effects.7,52 

 Functional differences between GABAAR subtypes also arise from their 

differential expression patterns within the brain. Synaptic GABAARs (containing α1-3) 

have overlapping but distinct anatomical domains: α1-GABAARs are enriched the cortex 

and thalamus, while α2-GABAARs are especially concentrated in the hippocampus and 

striatum.53 Interestingly, these α subunits also have different subcellular expression 

patterns within pyramidal neurons in the forebrain. α1- containing GABAARs are most 

common in postsynaptic domains in the soma and dendrites, while α2-containing 

GABAARs are highly enriched in the axo-axonic synapses found at the axon initial 

segment (AIS) (see Figure 1.1).8,9,54 In the hippocampus, somatodendritic synapses are 

innervated by a variety of interneuron types, while axo-axonic synapses are exclusively 

contacted by a subtype of PV positive interneurons, the chandelier cells.55,56 Given these 

differential presynaptic inputs and the fact that α subunit composition confers distinct 
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pharmacological and physiological properties on their receptors, the specific subcellular 

localization of GABAAR subtypes may be important for constraining certain types of 

inhibitory neurotransmission to different subcellular domains, allowing for more precise 

inhibitory control of pyramidal cell firing.  

Figure 1.1 Distribution of 
GABAAR subtypes in 
pyramidal neurons of the 
hippocampus. 
 

 

 

 

 

 

1.1.4 GABAAR endo- and 

exocytosis 

 

1.1.4.1 GABAAR oligomerization 

 

The assembly of GABAAR subunits into receptor complexes occurs in the endoplastic 

reticulum (ER).57 The subunit N-terminal domains control oligomerization, assisted by 

resident ER chaperone proteins, such as calnexin and binding immunoglobulin protein, 

that facilitate appropriate protein assembly and folding.58,59 Only ‘conformationally 

mature’ receptors are allowed to exit the ER; inappropriate or incomplete receptor 

combinations are retained in the ER and degraded via the canonical ER-associated 

degradation (ERAD) process.30,60,61 ERAD involves the ubiquitination of the involved 

proteins by E3 ligases and proteolysis in the cytoplasmic proteasome.62 The fate of 
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ubiquitinated GABAARs is further regulated by the ubiquitin-like protein Plic-1. Plic-1 

binds the ICD of α and β subunits via its ubiquitin-associated domain, blocking GABAAR 

ubiquitination and proteosomal degradation and thereby increasing receptor half-life and 

surface expression.61,63 

 

1.1.4.2 GABAAR forward trafficking 
 

Once assembled, GABAARs are trafficked from the ER to the Golgi apparatus, where 

they are segregated into vesicles for transport to the plasma membrane.42,64 The forward 

trafficking of GABAARs is facilitated by a number of interacting proteins. GABA receptor-

associated protein (GABARAP), one of the first GABAAR-interacting proteins to be 

identified, is one such chaperone.65 GABARAP is concentrated in the Golgi and 

intracellular vesicles66 and interacts with the ICD of the GABAAR γ subunit.65 

Overexpression of GABARAP leads to increased surface expression of GABAARs, likely 

due to enhanced intracellular trafficking of the receptor, although the exact role of 

GABARAP in this process is unresolved.64,67,68 GABARAP also interacts with N-

ethylmaleimide-sensitive factor (NSF),66 a hexameric ATPase implicated in intracellular 

vesicle fusion that binds directly to GABAAR β subunits.69 NSF and GABARAP may 

cooperate to regulate the translocation of GABAARs from intracellular vesicles to the 

plasma membrane.66 Another GABARAP interactor is phospholipase C-related 

catalytically inactive protein (PRIP). PRIP proteins bind to both GABARAP and GABAAR 

γ2 subunits70,71 and knocking out PRIP proteins weakens the interaction between 

GABARAP and GABAARS, suggesting that PRIPs may act as a protein bridge.72 In 

addition, disrupting the binding of PRIP-1 to the γ2 subunit reduces GABAAR surface 

expression in heterologous cells and neurons.72 Like GABARAP/NSF, PRIP proteins 

may interact with GABARAP to facilitate forward trafficking of GABAARs.  The Arf 
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guanine nucleotide exchange factor brefeldin A-inhibited GTP/GDP exchange factor 2 

(BIG2) is also highly enriched in the trans Golgi network and has high binding affinity for 

the GABAAR β subunit ICDs. Co-expression of BIG2 and the β3 subunit in heterologous 

cells increases β3 exit from the ER, suggesting that BIG2 could facilitate GABAAR 

transport to the cell surface, although, again, its exact role is unclear.73–75  

 

1.1.4.3 GABAAR endocytosis 
 

Internalization of GABAARs from the plasma membrane is a key regulator of GABAergic 

neurotransmission. GABAARs are internalized via clathrin-mediated endocytosis, a 

process dependent on the GTPase dynamin, which mediates the formation of endocytic 

vesicles.30,76 The clathrin adaptor protein (AP)-2 binds both the clathrin lining the 

vesicles and GABAAR subunits, anchoring the receptors in the endocytic pits.77  AP2 

binding motifs have been identified in the ICDs of the GABAAR β1-3 and γ2 subunits;78–80 

the interaction between AP2 and GABAAR subunits is dependent on the reversible 

phosphorylation of residues in these ICD binding motifs. For example, protein kinase A 

(PKA)- and protein kinase C (PKC)-mediated phosphorylation of the S408/9 residues in 

β3 reduces AP2 binding, blunts receptor endocytosis, and enhances GABAAR surface 

expression.45,79,81 In the γ2 subunit, Y365/7 within the AP2 binding motif are targets of 

Fyn kinases,82 and phosphorylation of these residues blocks AP2 binding and leads to 

GABAAR surface accumulation.80 Preventing phosphorylation by mutating Y365/7 to 

phenylalanines increases the affinity of γ2 for AP2. Highlighting the significance of 

GABAAR endocytosis in maintaining synaptic inhibition, mice that are homozygous for 

these mutations are not viable and die in utero.64  

 Following endocytosis, GABAARs are either designated for rapid recycling back 

into the plasma membrane, the fate of about 70% of internalized receptors, or are 
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targeted for lysosomal degradation over a longer time period.30,42,64 This post-endocytic 

sorting process is regulated by the Huntingtin-associated protein (HAP)-1.83 HAP1 is 

enriched in early endosomes containing GABAARs, and directly binds to GABAAR β 

subunits, functioning as a kinesin adaptor to the molecular motor KIF5.83,84 The precise 

function of HAP1 is unclear; however, HAP1 overexpression enhances GABAAR surface 

expression, while HAP1 dysfunction compromises inhibitory neurotransmission.83,85 

 It should be noted that the timeline for the endocytotic life cycle of a GABAAR is 

faster than many other neurotransmitter receptors, allowing neurons to rapidly fine tune 

the efficacy of inhibitory neurotransmission.86 For instance, blocking endocytosis with a 

peptide that inhibits the activity of dynamin leads to an increase in phasic 

neurotransmission in the hippocampus due to the accumulation of GABAARs at the 

surface. This increase can be detected only 10 minutes after halting endocytosis and 

plateaued after 40-50 minutes.77,79 Biotinylation experiments performed in cultured 

cortical neurons showed that constitutive endocytosis removes 20-25% of the surface 

GABAAR population in 30 minutes. About 30% of these internalized receptors are 

recycled back to the surface within just 5 minutes, and 70% return back to the plasma 

membrane within one hour.83 On the other hand, lysosomal degradation of internalized 

GABAARs occurs over a longer time span: about 30% of the biotin-labelled GABAARs 

were degraded by lysosomes within 6 hours of internalization.83 

 

1.1.5 GABAARs in the plasma membrane 
 

Once forward trafficking is complete, GABAARs are inserted into the plasma membrane, 

primarily at extrasynaptic locations.87 GABAARs are highly dynamic and, via Brownian 

motion, diffuse laterally within the plasma membrane, continually moving between the 

synaptic and extrasynaptic receptor populations.88 Recently, single particle tracking has 
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shown that both synaptic/phasic (α1-3βγ) and extrasynaptic/tonic (α4,6βδ and α5βγ) are 

able to access inhibitory postsynaptic microdomains. However, in synaptic domains the 

diffusion rate of synaptic GABAARs was reduced relative to extrasynaptic receptors 

(median diffusion coefficients: -0.02 µm2s-1 versus ~ -0.025 µm2s-1, respectively), 

suggesting that synaptic GABAARs are selectively stabilized at synapses. Interestingly, 

this increased synaptic dwell time was dependent on the γ2 ICD sequence, suggesting 

that intracellular protein-receptor interactions determine the subcellular spatial 

distribution of GABAARs.89 Thus, the intracellular proteins present at inhibitory synapses 

are likely critical for contacting GABAARs, slowing their diffusion rate, and immobilizing 

them in the synaptic space. 

 

1.2 Components of the inhibitory synapse 
 

At synapses in the central nervous system, a presynaptic zone directly opposes a 

postsynaptic density (PSD) containing high concentrations of ligand-gated ion channels. 

This structure ensures that quantal release of neurotransmitter is followed by transient, 

high-amplitude signals. Maintenance of the PSD involves molecular mechanisms that 

act to densely cluster the appropriate neurotransmitter receptors at the proper 

postsynaptic domains. A critical part of PSD formation is the assembly of 

macromolecular scaffolding complexes that anchor receptors and regulate the receptor 

clustering process. The molecular structure of the excitatory synapse has been 

extensively studied, demonstrating that sub- and transmembrane synaptic proteins that 

interact with the intracellular C-termini of glutamate receptors are critical for controlling 

receptor stabilization.90 The structure of the inhibitory synapse is less well understood. 

Scaffolding proteins found at inhibitory synapses lack the typical protein-protein 

interaction domains, such as the PDZ domain, found in proteins integral to the excitatory 
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synapse.91 Thus, the manner in which multimolecular complexes at inhibitory synapses 

are assembled and maintained is unclear. However, given the core role of GABAergic  
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Figure 1.2 Molecular components of the inhibitory postsynaptic density. 
 

neurotransmission in brain function and dysfunction and the importance of GABAAR 

clustering in tuning the strength of inhibitory currents, elucidating the process of 

inhibitory synaptogenesis is of great scientific and clinical significance. The scientific 

community has identified a number of proteins that reside at GABAergic synapses and 

bind to and regulate clustering of GABAARs, including gephyrin,91 collybistin,92 

neuroligin-2,93 and most recently, the GABAAR regulatory Lhfpl (GARLH) proteins,94 

although in many cases the precise roles these proteins play in inhibitory synapse 

formation and maintenance remain murky (see Figure 1.2). 

 

 

1.2.1 Gephyrin 
 

Gephyrin (GPN) is a highly conserved 93 kDa protein found in organisms ranging from 

bacteria to humans and is currently considered the main molecular organizer at 

inhibitory synapses.91,95 GPN has many splice variants, and the isoforms present vary 

between species, tissues, and even cell types.96 In bacteria, GPN’s main function is 

molybdenum cofactor (Moco) biosynthesis, a process that is integral to the activity of 

metabolic enzymes crucial for survival.91,95,97 This biosynthetic role is maintained in 

higher organisms,97 but GPN’s primary role in the nervous system is thought to be that of 

a receptor stabilizer. GPN was first identified as an interactor of the Cys-loop family 

glycine receptors (GlyRs) that mediate inhibitory neurotransmission in the spinal 

cord.95,98 GPN was also shown to copurify with microtubules, suggesting that it serves as 

a molecular bridge between receptors and the cytoskeleton, contributing to receptor 

stabilization.98 Constitutive GPN knock-outs in mice result in total loss of synaptic GlyR 

clusters in the periphery and early postnatal death accompanied by stiff musculature due 
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to motor neuron dysfunction.99 However, GPN knock-out also leads to a dramatic loss of 

postsynaptic GABAAR clusters in the brain,100–102 providing evidence that GPN is also 

essential for GABAAR synaptic clustering in the central nervous system. Indeed, 

immunostaining has revealed that GPN selectively clusters at inhibitory PSDs 

throughout the brain, co-localizing with GABAARs containing α1-3, but not α4-6.91,103 

Interestingly, there is also evidence that GPN aggregation at the PSD is itself dependent 

on interactions with GABAARs: knock-outs of either GABAAR α1 or γ2 subunits in mice 

lead to a striking loss of synaptic GPN clustering.101,104,105 These data suggest a mutual 

interdependence of GPN and GABAARs for their postsynaptic localization. 

 Following from GPN’s key role in inhibitory synaptogenesis, compromised 

function of GPN is associated with neurological disease, particularly epilepsy.95 Brain 

tissue from human patients suffering from temporal lobe epilepsy (TLE) displayed 

reduced GPN immunoreactivity,106 and further probing revealed that TLE tissue 

contained abnormal splice GPN splice variants lacking several critical exons. The 

resulting structurally aberrant GPN was unable to oligomerize with other GPN 

molecules, impairing the formation of the GPN scaffold at the inhibitory synapse.107 

Recently, several de novo and inherited microdeletion mutations in the human GPHN 

gene have been found in patients diagnosed with autism spectrum disorder, 

schizophrenia, and epilepsy.108 These data provide further evidence that dysfunction in 

inhibitory synaptic proteins contribute to pathological brain function. 

 

1.2.1.1 Gephyrin structure 
 

As previously stated, there are numerous GPN isoforms, but the most common is the P1 

splice variant,95 and its structure will be described here. The protein is composed of an 

N-terminal G domain, a linker C domain, and a C-terminal E domain.99,109 The C domain 
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is present only in vertebrates and is the principal site of post-translational modifications 

and interactions with other proteins present at the inhibitory synapse.91,110 The E 

domains of GPN molecules form homodimers, while the G domains self-aggregate and 

form trimers.109,111 These interactions are thought to give rise to hexameric 

macromolecular complexes of GPN that serve as a structural lattice in the synaptic 

submembrane space.112,113  

 

1.2.1.2 Interactions with the cytoskeleton 
 

Gephyrin has been shown to interact with various components of the cytoskeleton, 

including microtubules and actin filaments, although the exact nature of these 

interactions is not well understood.91,95,114 The binding site for microtubules on GPN has 

not been determined; however, the murine GPN gene contains a region that is highly 

homologous to motifs found in microtubule associated proteins that are necessary for 

microtubule binding, suggesting a putative binding site.95,96 GPN also indirectly interacts 

with microtubules via binding to adaptor proteins such as kinesin-related protein (KIF)-5 

and the dynein light chains,115,116 indicating a possible role for GPN as a motor cargo 

adaptor protein, enabling the transport of GlyRs and GABAARs to and from synapses.117 

 With regard to actin filaments, GPN interacts with membrane-anchored proteins 

profilin 1 and 2 and the mammalian enabled/vasodilator stimulator phosphoprotein 

(Mena/VASP) adaptor protein.118,119 Mena/VASP binds profilin proteins and actin 

monomers to enhance actin polymerization.120 The GPN/profilin/Mena complex has been 

proposed to regulate the dynamics of the actin cytoskeleton at the PSD,91 although this 

is yet to be experimentally tested. 

 
1.2.1.3 Interactions with GABAARs 
 



 16 

The intracellular loop of the GlyR β subunit binds directly to the GPN E domain, 

specifically at the interface between two E domains within the macromolecular 

scaffold.91,121,122 Analysis of the GPN E domain’s crystal structure and evidence from 

isothermal titration calorimetry indicates that the ICDs of GABAAR α1-3 compete with 

GlyR β for the same E domain binding site, although GABAARs exhibit a 500-fold lower 

binding affinity for GPN than GlyRs.95,123 Recently it has been proven that the ICD of the 

GABAAR α2 subunit directly interacts with GPN at a hydrophobic stretch of amino acids 

in the center of the ICD, around residues 360-375.13 Subsequent experiments revealed 

that the α1 and α3 subunits also bind GPN at the homologous region of their ICDs,124,125 

although the amino acid sequence in this region is not highly conserved between α 

subtypes. Recent isothermal titration calorimetry experiments performed with the GPN E 

domain and the GABAAR α1-3 ICDs demonstrated that these subunits display differing 

affinities for GPN in vitro: α1 and α3 ICDs form relatively tight complexes with GPN while 

that of α2 forms a comparatively weaker complex (see Table 1.1).12 These data suggest 

a GABAAR-subtype specific affinity for GPN, dependent on the residues present in the 

360-375 amino acid motif within the ICD of α subunit, and raise the possibility that GPN 

may be able to selectively stabilize GABAAR subtypes at certain synapses. The exact 

nature of GPN/GABAAR interactions and the precise role GPN plays in GABAergic 

synaptogenesis is complicated by regulation of GPN clustering by a number of 

intracellular proteins, including neuroligin-2 and collybistin. 

 

Table 1.1 Kd values for the α1-3 GABAAR subunit ICDs and the glycine receptor with the 
E domain of GPN 
 

Receptor ICD Binding Motif GPN E domain Kd 

α1-GABAAR LIKKNNTYAPTATSYT 17.0 ± 11.0 
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α2-GABAAR VMIQNNAYAVAVANYA >500 

α3-GABAAR AKKTSTTFNIVGTTYP 5.0 ± 2.0 

GlyR NDLRSNDFSIVGSLPR 0.1 ± 0.8 

 

Reprinted with permission from Hines, R. M. et al. Developmental seizures and mortality 
result from reducing GABAA receptor α2-subunit interaction with collybistin. Nat. 
Commun. 9, (2018). 
 

1.2.1.4 Interactions with neuroligin-2 
 

Neuroligins are a class of cell adhesion molecules found on the postsynaptic membrane 

of neurons.126 Neuroligins regulate the formation and maintenance of synapses through 

their interactions with neurexins, presynaptic transmembrane proteins. Trans-synaptic 

neuroligin/neurexin binding facilitates synapse formation and stabilizes the pre- and 

postsynaptic membranes in opposition to one another.126,127 Neuroligin 2 (NL2) is the 

isoform that localizes specifically at inhibitory synapses and is critically important in the 

maturation of inhibitory PSDs.93 Rare point mutations in the human NLGN2 gene have 

been identified in patients with autism spectrum disorder and schizophrenia,128 diseases 

also associated with GABAergic dysfunction. Expression of NL2 in cultured neurons 

induces the clustering of GPN at GABAergic PSDs;126 furthermore, NL2 directly interacts 

with the E domain of GPN, and, along with collybistin, has been proposed to tether GPN 

lattices to the synaptic plasma membrane, facilitating the formation of an inhibitory 

synaptic scaffold that can recruit postsynaptic receptors, including GABAARs.91,129 

 

1.2.2 Collybistin 
 

Collybistin (CB) and its human homolog hPEM-2 (human homolog of posterior end 

mark-2) are guanine nucleotide exchange factors that activate the small GTPase control 
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protein 42 homolog (Cdc42), a known regulator of the actin cytoskeleton.130 CB is highly 

expressed in neurons in the brain and spine, with negligible expression in other organs, 

and is upregulated during periods of synaptogenesis.131,132 CB was first identified as a 

GPN-interacting protein in yeast two-hybrid (Y2H) screens,133 and was hypothesized to 

be a regulator of GPN PSD clustering.134 In support of this hypothesis, CB knock-out 

mice display loss of GPN clustering brain—this mutation also impairs synaptic GABAAR 

clustering and leads to impaired GABAergic neurotransmission, anxiogenesis, and 

relatively poor spatial memory. Interestingly, CB knock-out only disrupted GPN and 

GABAAR clustering in certain brain regions, particularly the basolateral amygdala and 

hippocampus.135,136 Furthermore, immunostaining of rodent brain tissue has shown that  

CB co-localizes with only a subset of GPN clusters. This same study revealed that CB 

also co-localizes with certain types of GABAAR α subunits: CB was present at some α1 

positive cerebellar synapses, at thalamic synapses containing α3, and at α2-containing 

axo-axonic synapses in the cortex and hippocampus.137 These data suggest that CB is 

involved in inhibitory synaptogenesis in a synapse- and GABAAR subtype-selective 

manner. Further evidence of CB’s importance to inhibitory synapse formation comes 

from electrophysiological recording carried out in CA1 pyramidal neurons of CB null 

mice. These recordings revealed a decrease in the amplitude and frequency of 

GABAergic miniature inhibitory synaptic currents (mIPSCs),135 indicating compromised 

phasic inhibition due to pre- and postsynaptic dysfunction. 

 Like GPN, mutations in rodent and human CB genes are associated with a 

number of neurological disorders, consistent with CB’s putative importance to inhibitory 

synaptic structure.138 The first such mutation to be identified was found in children 

suffering from hyperekplexia, seizures, and intellectual disability134 Overexpression of 

this mutant in cells disrupts synaptic GPN and GABAAR clustering.135 In addition, loss of 
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function mutations in the human CB gene, ARHGEF9, were found in patients with 

intellectual disability-associated epilepsy.139 A balanced chromosomal translocation 

mutation in ARHGEF9 leads to the loss of hPEM-2’s plasma membrane binding domain, 

resulting in severe neurological pathology, including epilepsy, anxiety, aggression, and 

intellectual disability.140 Similar but less severe phenotypes result from point mutants in 

this same  domain that disrupt lipid binding.141 Clearly, proper CB function is essential for 

the construction of a subset of inhibitory synapses and neurotypical behavior. 

 

1.2.2.1 Collybistin structure 
 

CB is a member of the guanine nucleotide exchange factor (GEF) family and shares the 

GEF’s canonical structure. All CB molecules contain a tandem exchange factor/double 

homology (RhoGEF or DH) domain and a pleckstrin homology domain (PH).138 The DH 

domain is enzymatically active and catalyzes the GDP-GTP exchange on the small 

GTPase Cdc42.142 The PH domain binds directly to phosphoinositides, specifically PI3P, 

tethering the protein to the plasma membrane.137,143,144 In rodents, CB undergoes 

alternative splicing and has a number of isoforms that are thought to be functionally 

distinct. There are three possible C-terminus sequences, termed CB1, CB2, and CB3. 

Some CB isoforms are only composed of the DH and PH domains, but most also contain 

an N-terminal Src homology (SH)-3 domain. The main splice variants are CB2SH3+ and 

CB3SH3+, both of which are about 61 kDa. In humans, hPEM-2 always has an SH3 

domain and does not appear to undergo alternative splicing; however, there are two 

different promoters for the human ARHGEF9 gene that codes for hPEM-2, and each 

promoter produces slightly different sequences at the N-terminus.134 The precise roles of 

the different CB splice variants at the inhibitory synapse is unclear. To date, some 

studies suggest that only SH3 negative variants can interact with GPN, with the SH3 
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positive isoform representing an ‘inactive’ CB.142,145 Other research argues that all 

isoforms of CB are involved in inhibitory synaptogenesis.146,147 A recent hypothesis 

suggests that both SH3 positive and negative isoforms can participate, but CBSH3+ must 

first be activated by some other protein.145 

 

1.2.2.2 Interactions with Cdc42 
 

The crystal structure of CB2 bound to Cdc42 has been solved, revealing that, as 

expected, the catalytic DH domain is the only CB domain to directly interact with 

Cdc42.148 Both SH3 positive and SH3 negative CB isoforms are capable of activating 

Cdc42.142 Since Cdc42 is a known regulator of actin filament organization, it stands to 

reason that CB could act via Cdc42 to affect the cytoskeleton. Such action at the 

inhibitory PSD could influence GPN scaffolding; as mentioned above, GPN also directly 

interacts with the actin cytoskeleton.  

The relevance of CB-Cdc42 interactions to the regulation of inhibitory synapse 

proteins is still unresolved. Reddy-Alla and colleagues found that expressing GPN and 

mutant CB2, in which the binding of DH to Cdc42 is abolished, in heterologous cells had 

no effect on GPN clustering. Furthermore, in mice where Cdc42 is inactivated in the 

forebrain, GPN and γ2-containing GABAARs displayed normal clustering behavior. In 

contrast, the ability of the PH domain to bind PI3P was determined to be necessary for 

the synaptic accumulation of GPN.149  

 However, Tyagarajan and colleagues later found that GPN and Cdc42 could form 

trimeric complexes with SH3 negative, but not SH3 positive, CB isoforms when 

overexpressed in heterologous cells. In addition, when CB was expressed with GPN and 

Cdc42 in neurons, the number of submembrane GPN clusters was increased. 

Furthermore, Cdc42 expression in neurons co-transfected with GPN and a CB with an 
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inactivated PH domain rescued the loss of GPN clustering observed when PH domain 

function is abolished.142 Taken together, these data suggest two possible pathways to 

CB-induced GPN clustering: Cdc42-dependent and Cdc42-independent. In addition, 

Cdc42 and the PH domain may be functionally redundant, a possible explanation for the 

lack of GPN clustering disturbance in Cdc42 knock-down mice, although this does not 

explain the abolition of GPN clustering seen after PH domain loss of function.149 Further 

research is needed to elucidate the complex interactions between different CB isoforms, 

Cdc42, and GPN to determine what, if any, role CB/Cdc42 interaction has at the 

inhibitory synapse. 

 

 

1.2.2.3 Interactions with gephyrin 
 

As previously described, CB was first identified as a GPN interactor.133 The E domain of 

GPN directly binds the DH domain of CB,134,150 potentially competing for this binding site 

with Cdc42.148 Interestingly, the CB binding site in the GPN E domain lies close to, and 

may overlap with, the binding site for GABAAR α subunits.95 Expression of CB with GPN 

in heterologous cells and neurons induces GPN clustering and the translocation of those 

clusters from the intracellular space to submembranous compartments.133,142,146,147 The 

role of CB isoform heterogeneity in GPN binding is unresolved; most studies indicate 

that the presence or lack of the N-terminal SH3 domain does not influence GPN 

binding142,146,147 but may regulate the ability to CB to translocate GPN to the synapse.142 

Again, it is possible that CBSH3+ may need to be activated in order to function in inhibitory 

synapse formation.145 

 
1.2.2.4 Interactions with neuroligin-2 
 



 22 

NL2, the previously described trans-synaptic regulator of inhibitory synapse formation126 

and GPN interactor,129 has been proposed to be one such CBSH3+ activator. Y2H assays 

established that NL2 directly interacts with CB at the latter’s SH3 domain. Heterologous 

cells co-transfected with CBSH3- and GPN displayed CB/GPN cluster formation in the 

submembrane space. NL2, CBSH3+, and GPN co-transfection also resulted in the 

formation of microaggregates of the three proteins below the plasma membrane, while 

expression CBSH3+ and GPN without NL2 led to cytoplasmic accumulation of the 

proteins.129 These data indicate that NL2 can induce translocation to and cluster 

formation at the submembranous space, perhaps by relieving SH3-mediated inactivation 

of CB. Both diminishing the ability of GPN to bind NL2 and the ability of NL2 to bind CB 

SH3 mitigated submembranous aggregate formation,129 suggesting that the three 

proteins interact synergistically. However, studies examining the nature of the NL2/CB 

interaction are limited, and more research must be done to determine NL2’s role at the 

inhibitory synapse. 

 

1.2.2.5 Interactions with GABAARs 
 

Y2H experiments demonstrated that CB can associate with the GABAAR α2 subunit, 

with the interaction mapped via sequential deletion and domain swaps to the α2 ICD 

around the 360-375 motif (GSVMIQNNAYAVAVANYA),92 which we have previously 

noted is also the α2 subunit binding site for GPN.13,124,125 The same study demonstrated 

that GABAAR α subunits bind to the SH3 domain of CB, showing no interaction with SH3 

negative isoforms.92 Significantly, introducing a known pathogenic human ARHGEF9 

SH3 domain mutant (G55A) abolished α subunit/SH3 domain interaction, indicating a 

possible molecular mechanism for G55A-related pathology.92,134 Performing yeast tri-

hybrid experiments with CBSH3+, α2 ICD, and GPN baits revealed that the α2/GPN 
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interaction is strengthened with the addition of CBSH3+, and the α2/CB interaction was 

potentiated with co-expression of GPN.92 These data indicate that GABAAR α subunits, 

CBSH3+, and GPN are capable of interacting synergistically in a trimeric complex. In 

addition, while the authors noted that co-expressing CBSH3+ and GPN in heterologous 

cells led to intracellular GPN accumulation, the addition of the α2 ICD activated GPN 

clustering, with all three proteins translocating to the submembranous space.92 GABAAR 

α subunits have thus been proposed to serve as a potential ‘activator’ of CB, facilitating 

its interaction with GPN by relieving SH3-mediated inactivation. Interestingly, the 

GABAAR α2 subunit and the other potential CBSH3+ activator NL2 compete for binding at 

the CB SH3 domain. 

 Saiepour and colleagues also noted a possible preferential interaction between 

CB and the GABAAR α2 subunit over the α1 and α3 subunits. Only α2 ICD bait 

interacted with CBSH3+ in Y2H assays, and immunostaining of the rat retina revealed that 

CB exhibits prominent co-localization with GABAAR α2 subunits (75%), compared to 

relatively limited co-localization with α1 (31%) and α3 (27%).92 More recent 

immunostaining data from mouse brain tissue showed CB co-localization with all 

synaptic (α1-3) GABAAR α subunits; however, CB co-localization appeared to be region 

specific and perhaps cell-type specific: CB co-localized with α1 in the cerebellum—

where 90% of inhibitory synapses are α1 positive, with α3 in the thalamus, and with α2 

at the AIS of cortical and hippocampal neurons.137 CB may selectively associate with 

different GABAAR α subunits depending on their anatomical and even subcellular 

locations, a hypothesis consistent with the previously described data suggesting that CB 

is involved in inhibitory synapse structure only at a subset of synapses. 

 

Table 1.2 Kd values for the α1-3 subunits of the GABAAR and the SH3 domain of CB 
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Receptor ICD Binding Motif CB-SH3 Kd 

α1-GABAAR LIKKNNTYAPTATSYT 500 ± 400 

α2-GABAAR VMIQNNAYAVAVANYA 1.3 ± 0.8 

α3-GABAAR AKKTSTTFNIVGTTYP >500 

Reprinted with permission from Hines, R. M. et al. Developmental seizures and mortality 
result from reducing GABAA receptor α2-subunit interaction with collybistin. Nat. 
Commun. 9, (2018). 
 
 
 Building off the above data, isothermal titration calorimetry experiments—the 

same ones that demonstrated a GABAAR α1 subunit preferential affinity for GPN 

dependent on residues 360-375 of the α1 ICD—with the α1-3 ICDs and the CB SH3 

domain revealed a preferential interaction between the α2 ICD and CB SH3 (see Table 

1.2).12 When a pHlourin-tagged full-length α2 protein was co-expressed with CB in 

heterologous cells, α2 co-immunoprecipitated with CB, an interaction that was abolished 

when residues 360-375 of the α2 subunit were replaced with those from α1 

(LIKKNNTYAPTATSYT).12 These data indicate that the in vitro preferential interaction 

between α2 and CB is mediated by residues 360-375 in the α2 ICD.  

These in vitro experiments were followed by the generation of a knock-in mouse, 

in which residues 360-375 of the α2 subunit were replaced by those of α1 (the Gabra2-1 

mouse, Figure 1.3A). The Gabra2-1 mouse exhibited a loss of α2-containing inhibitory 

axo-axonic synapses at the AIS and a striking spontaneous seizure and early postnatal 
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death phenotype (Figure 1.3B-E).12 

 

Figure 1.3 The Gabra2-1 mutation leads to loss of axo-axonic synapses and lethal 
spontaneous seizures in the early postnatal period. (A) Cartoon schematic of the 
Gabra2-1 mutation. (B) DIV21 WT and Gabra2-1 primary cortical pyramidal neurons 
stained with antibodies against the α2 subunit (green) and AIS markers (red), showing a 
loss of α2 positive axo-axonic synapses in mutant neurons. (C) Proportion of hetero-and 
homozygous Gabra2-1 mice found dead in the early postnatal period, showing a peak at 
PND20. (D) Quantification of spontaneous seizure severity according to the Racine 
scale in Gabra2-1 mutant pups. (E) Survival curve of offspring from heterozygous x 
homozygous Gabra2-1 mating pairs. Reprinted with permission from Hines, R. M. et al. 
Developmental seizures and mortality result from reducing GABAA receptor α2-subunit 
interaction with collybistin. Nat. Commun. 9, (2018). 

Taken together, these data indicate that the α2 360-375 ICD motif and its 

putative preferential interaction with CB is necessary for the stabilization of GABAARs at 

the AIS and that loss of these axo-axonic synapses have grave consequences for 

neuronal function, once again emphasizing the importance of inhibitory scaffold 

composition in selective receptor stabilization at synapses. However, the α2 ICD/CB 

interaction has yet to be confirmed in brain tissue and the relevance of the α2 ICD motif 

to somatodendritic synapse formation is unclear. Determining whether the α2 ICD motif 

is an AIS-specific targeting signal would improve our understanding of selective synapse 

formation mediated by preferential protein interactions. 
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1.3 The axon initial segment  
 

Neurons must ensure unidirectional propagation of action potentials, and this functional 

polarity is sustained by anatomical asymmetry. Canonically, the soma and dendrites 

receive input via synapses and the axon transmits action potentials that trigger synaptic 

release onto downstream neurons. At the interface between the somatodendritic and 

axonal compartments is the axon initial segment (AIS), a unique region present in all 

vertebrates. In the majority of neurons, the AIS denotes a 20-60 µm unmyelinated region 

of the axon proximal to the soma.11,151 The AIS is defined morphologically by the 

presence of closely packed microtubule bundles called fascicles, a total lack of 

ribosomes, and a dense protein undercoat lining the plasma membrane.152,153 This 

submembranous granular layer contains voltage-gated ion channels and in forebrain 

pyramidal neurons also includes GABAARs that mediate inhibitory neurotransmission 

and modulate action potential firing.154,155 A series of groundbreaking 

electrophysiological experiments in the 1950’s established the AIS at the site where 

synaptic inputs are summated and the yes/no decision to fire an action potential (AP) is 

made.156–158 Since then, extensive research has established the molecular organization 

and functional significance of the AIS. 

 

1.3.1 The molecular architecture of the AIS 
 

AIS structural proteins organize as a layered scaffold stretching from the cytoplasm to 

the axonal plasma membrane (see Figure 1.4). The integral scaffolding proteins include 

ankyrin G, spectrins, actin rings, and microtubules. This scaffold is essential to anchor 

the ion channels found at high concentrations at the AIS. 
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Figure 1.4 The molecular architecture of the axon initial segment.  
Reprinted with permission from Leterrier, C. The Axon Initial Segment: An Updated 
Viewpoint. J. Neurosci. 38, 2135 LP-2145 (2018). 
 

1.3.1.1 Ankyrin G 
 

Ankyrin G (ankG) is the key scaffolding protein and master organizer at the AIS.151 AnkG 

is expressed in a number of somatic organs and is subject to alternative splicing. The 

270 kDa and 480 kDA (giant ankG) are the isoforms restricted to the AIS and nodes of 

Ranvier.159 AnkG is the first protein localized to the future AIS in the developing axon160 

and it recruits the other AIS components, most of which interact with ankG either directly 

or indirectly.161–163 Indeed, silencing ankG expression causes the AIS structure to 

essentially fall apart and leads to the invasion of somatodendritic proteins, emphasizing 

ankG’s integral role in forming and maintaining the unique environment of the AIS 

compartment.161–165 

 The structure of the ankG protein is as follows, from N- to C-terminus: an N-

terminal membrane binding domain (MBD), a β-spectrin binding domain, a serine-rich 

domain, a tail domain of isoform-dependent length, and a C-terminal domain.151,166 The 

N-terminus anchors the protein scaffold and voltage-gated ion channels to the AIS 

membrane,167,168 while the C-terminal domain interacts with inner microtubules via 

microtubule-associated proteins.169 The resulting AIS scaffold is periodic, with each 190 
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nm wide domain comprising a tetramer of α2- and β4-spectrin interacting on either end 

with an actin ring. AnkG resides in the middle of spectrin tetramer, midway between the 

actin rings, stabilizing the entire complex at the membrane.170,171 These domains line the 

entire axon, although outside the AIS ankyrin B replaces ankG and β2-spectrin replaces 

β4.170 This dense, super-stable protein scaffold helps maintain axonal integrity and 

serves as a barrier for the entry of somatodendritic proteins.172,173 

 

1.3.1.2 β4-spectrin 
 

Spectrins were first identified as a crucial component of the submembranous protein 

scaffold that maintains the biconcave shape of erythrocytes.174,175 All spectrin molecules 

are tetramers composed of end-to-end interactions between 2 α and 2 β subunits.166,176 

Both subunit types contain distinct amino acid repeats, called spectrin repeats, that each 

consist of 106 residues and from a 3-helix bundle.177,178 The two subunit types differ in 

their particular structure: α subunits have 20 spectrin repeats, an SH3 domain, and two 

C-terminal EF-hand motifs; β spectrins have 17 spectrin repeats, an N-terminal actin-

binding domain, and a C-terminal plekstrin homology domain.179 There are five β subunit 

isoforms, with the β4 isoform being the most recently discovered. β4-spectrin was first 

isolated in a Y2H screen as an interactor of the autoantigen of type I diabetes ICA512, a 

cytoskeleton-interactor found in neurons and endocrine cells.179,180 Subsequent 

experiments revealed that β4-spectin is primarily expressed in islet cells of the pancreas 

and in brain tissue, where it co-localizes with its recruiter, ankG, at AIS compartments 

and nodes of Ranvier.179  

 β4-spectrin is alternatively spliced, with six isoforms: β4-spectrinΣ1-6 (β4Σ1-6). 

The 280 kDA β4Σ1 isoform and the 140kDA β4Σ6 isoform are the types usually found at 
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the AIS.181 Both these β4 subtypes form tetramers with α2-spectrins and bind to the 

spectrin-binding domain of ankG at spectrin repeats 14-15.182,183 In addition, the N-

termini of β4-spectrin subunits interact with the actin rings found at either end of the 190 

nm periodic domain.151,183 Thus, β4-spectrins are a key specialized component of the 

AIS protein scaffold. 

 

1.3.1.3 Cell adhesion molecules 
 

Cell adhesion molecules (CAMs) are a family of cell surface receptors that allow cells to 

adhere to one another and to the extracellular matrix. They also allow for cell-cell 

communication and in this role have been found to regulate many important cell 

functions, including apoptosis, differentiation, gene expression, and migration.184 In the 

peripheral nervous system, the CAMs neurofascin-186 (NF-186) and neuron glia-related 

CAM (NrCAM) were found to be present at and involved in the formation of nodes of 

Ranvier.185,186 Given that the molecular composition of nodes and the AIS are extremely 

similar,  these CAMs were hypothesized to also play a role in AIS structure via an 

unknown mechanism.187 Indeed, both NF-186 and NrCAM are enriched at the AIS and 

are able to bind to ankyrin proteins via a conserved amino acid motif.187,188 Loss of ankG 

prevents the accumulation of these CAMs at the AIS, indicating that ankG recruits CAMs 

to the AIS compartment, as it does with all other components of the AIS protein 

scaffold.187  

 The exact function of CAMs at the AIS is not yet fully elucidated. Both NF-186 

and NrCAM are L1 CAMs and members of the immunoglobulin CAM superfamily. L1 

CAMs are composed of an extracellular domain containing immunoglobulin and 

fibronectin repeats, a transmembrane domain, and a cytoplasmic domain containing the 

ankG-binding motif.188,189 At nodes, CAMs interact with the extracellular matrix to induce 
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ion channel clustering via an unknown mechanism.190 The AIS, like nodes, is 

ensheathed by a perineuronal net (PNN) containing aggrecan, brevican, versican, and 

tenascin.187,191,192 Co-expression of NF-186 and/or NrCAM with brevican in heterologous 

cells revealed that brevican interacts with NF-186, but not NrCAM. In addition, silencing 

NF-186, but not NrCAM, expression in both cultured hippocampal cells and in vivo 

induced the loss of brevican clustering at the AIS.187 The precise nature of these 

interactions remains unclear. NF-186 and brevican, or other components of the PNN, 

may interact and stabilize one another, with NF-186 linking the PNN to the intracellular 

cytoskeleton, helping stabilize synapses and perhaps even creating a microenvironment 

favorable to AIS function.187 

 Interestingly, a more recent study suggests that neurofascin may be important for 

the maintenance of GABAAR-containing inhibitory synapses at the AIS.193 Silencing 

neurofascin expression in dentate gyrus granular cells caused a loss of GPN- and 

GABAAR β2/3 subunit-containing puncta on the AIS. It also induced a loss of glutamic 

acid decarboxylase (GAD)-65 positive presynaptic contacts (representing axon terminals 

of inhibitory interneurons)194 along the AIS.193 In addition, co-expressing neurofascin with 

GPN, CB, and α2β3γ2 GABAARs in HeLa cells enhanced the plasma membrane 

aggregation of GABAARs.193 These data suggest that neurofascin may act trans-

synaptically to stabilize inhibitory synapses at the AIS; at the very least, this CAM 

appears to be important for the stabilization of the GABAAR/GPN complex, particularly at 

the AIS.193,195 

 

1.3.2 Voltage-gated ion channels at the AIS 
 

The presence of high concentrations of voltage-gated ion channels (VGCs) in the AIS 

underlies its function as the site of AP initiation. Three types of VGCs are present at the 
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AIS: voltage-gated sodium channels (Na+ channels), voltage-gated potassium channels 

(K+ channels), and voltage-gated calcium channels (VGCCs). 

 

1.3.2.1 Voltage-gated sodium channels 
 

Na+ channels are responsible for the main transient inward current that constitutes the 

rapid depolarizing phase of APs.196 Na+ channels consist of α subunits that form a 

channel core permeable to Na+ ions. This α subunit core can interact with β subunits and 

other accessory proteins, but these are not required for channel function. Each α subunit 

is comprised of 4 domains, each of which is divided into 6 transmembrane segments 

(S1-6). The four α subunit domains fold together to form the ion pore, and the type of α 

subunit in a given Na+ channel determines its conductance properties and selectivity. 

Charged residues within the S4 segments of each domain translocate in response to 

voltage changes, making the S4 segments the Na+ channel voltage sensors. 197  

 There are four Na+ channel subtypes expressed in the brain: Nav1.1, Nav1.2, 

Nav1.3, Nav1.6. Immunostaining experiments showed that three of these can be present 

at the AIS (Nav1.1, Nav1.2, Nav1.6) depending on developmental stage, anatomical 

region, and cell type, but Nav1.6 is the most common subtype found in mature, 

pyramidal neurons.11,198–200 Electrophysiological and staining studies indicate that Nav1.6 

density at the AIS is very high, about 110-300 channels/µm, translating to around a 30-

fold greater concentration of Na+ channels than in other neuronal compartments,201,202 

consistent with the long-standing hypothesis that AP initiation requires high Na+ channel 

concentrations.203 Na+ channels at the AIS have been found to show specialized kinetics 

that facilitate their role in AP initiation: faster activation/inactivation,204 hyperpolarized (by 

about 10 mV compared to soma Na+ channels) activation/inactivation threshold,201,205,206 

and the ability to activate at subthreshold potentials and undergo incomplete 
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activation.207  Na+ channels are recruited to the AIS by ankG. The membrane-binding 

domain of ankG binds Na+ channels via a conserved, nine amino acid ankyrin-binding 

motif found in an intracellular loop residing between Na+ channel domains II-III.208 This 

motif is both necessary and sufficient to target Na+ channels to the AIS.209  

 

1.3.2.2 Voltage-gated potassium channels 
 

K+ channels are responsible for the hyperpolarizing, K+ efflux that is critical for 

repolarization of the membrane after AP firing.196 In addition, K+ channels play a role in 

setting AP threshold, firing frequency, and inter-spike interval. These channels are 

homotetramers composed of core α subunits that form the conductance pore. Similar to 

Na+ channels, these α subunits can associate with auxillary β subunits, but only α 

subunits are actually essential for channel function. Each α subunit is made up of 6 

transmembrane helices (S1-6), with intracellular N- and C-terminal domains. Similar to 

Na+ channels, charged residues in the S4 region are the voltage sensor for the channel. 

There are many subtypes of K+ channels: 22 different genes code for K+ channels, with 

more varieties produced by alternative splicing.210 

 Immunostaining has shown that the primary type of K+ channel present at the 

AIS is the Kv1 subtype, although other forms are also found.11,211 Each subtype has 

different kinetics and thus serves a different function. For example, Kv1.1 and Kv1.2 

modulate AP firing and waveform size,212 while Kv7.2 and Kv7.3 located at the distal end 

of the AIS are responsible for generating the M current: a potassium efflux that 

counteracts Na+ channel-mediated sodium influx to prevent AP firing.213–215 Kv7 channels 

are also open at rest, leading to a persistent M current that raises AP firing threshold.216 

 Only Kv7 channels are recruited to the AIS by ankG, which binds to Kv7.2 and 

Kv7.3 at a C-terminal ankyrin-binding motif homologous to the one found in Na+ channels 
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at the AIS.217 Kv1.1 and Kv1.2 both contain PDZ (PSD-95/Discs large/zona occludens-1) 

binding motifs, and these channels co-localize with postsynaptic density (PSD)-93, a 

PDZ domain-containing protein in the same family as PSD-95, the primary structural 

protein at excitatory synapses.218 PSD-93 likely can also function as a protein scaffold, 

assembling receptors and other proteins at the plasma membrane. PSD-93 has recently 

been shown to be enriched at the AIS, and knockdown of PSD-93 in vitro and in vivo 

results in the loss of Kv1 channels at the AIS.218 The PSD-93/Kv1 complex is not 

associated with ankG, and the mechanism by which these proteins localize to the AIS is 

unknown. Finally, Kv2.1 channels are also found at the AIS, forming large clusters 

independent of ankG.219 This K+ channel subtype underlies delayed rectifier-potassium 

current, making its localization at the AIS ideal for controlling the intrinsic excitability of 

neurons.220 Interestingly, a recent study performed in cultured rodent hippocampal 

neurons showed that while Kv2.1 accesses the cell surface of somatodendritic 

compartments via the canonical secretory pathway, it is targeted to the AIS by a distinct 

Golgi-independent trafficking mechanism.221 

 

1.3.2.3 Voltage-gated calcium channels 
 

ER-like organelles that sequester calcium have long been known to be present at the 

AIS.152 These organelles contain Ca2+ ATPase-type calcium pumps that likely function to 

isolate calcium entering the AIS via VGCCs.222 Indeed, electrophysiological and calcium 

imaging studies have indicated that VGCCs of various subtypes are present at the AIS in 

a cell-type dependent manner and are important for modulating AP timing and 

probability, as well as the AP threshold.223–225 However, to date no direct immunostaining 

experiments have been performed to confirm the localization of VGCC subtypes in the 
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AIS compartment.189 In addition, the mechanism by which VGCCs are trafficked to and 

stabilized at the AIS is unknown.189 

 

1.3.3 Inhibition at the AIS 
 

As previously mentioned, the AIS of certain cell types, including pyramidal cells of the 

cortex and hippocampus, contain GABAergic inhibitory synapses exclusively innervated 

by parvalbumin positive chandelier cells. Given that the AIS is the site of synaptic signal 

integration and AP firing, inhibitory neurotransmission in this area could have a large 

effect on neuronal excitability, a theory borne out by electrophysiological 

experiments.226,227 One study has suggested that GABAergic synapses at the AIS may 

be excitatory, even in the mature brain, due to the lack of KCC2 in this compartment.228 

However, this study was performed in axonal ‘blebs,’ enlarged structures that form at the 

cut end of axons after slicing. These blebs are anomalous structures formed after injury 

and may not retain normal axonal structure; thus, the excitatory GABA could be a side 

effect of trauma. This study, performed in 2006, has never been replicated, and attempts 

to reproduce their results in intact axons showed no evidence of excitatory GABA at the 

AIS in mature neurons. 

1.3.3.1 GABAARs at the AIS 
 

A large body of immunostaining and electron microscopy work has established that a 

particular subtype of GABAARs is enriched at the AIS of cortical and hippocampal 

pyramidal neurons: α2 subunit-containing GABAARs.9,10,13,229,230 α1 and α3-containing 

GABAARs can also be found at the AIS of certain cells, but the majority are α2-

containing receptors.231 As previously discussed, different GABAAR subtypes have 

distinct kinetics and pharmacology and thus mediate discrete types of inhibition.6,7 It 
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would follow that the concentration of a particular subtype of GABAAR in a given 

compartment, especially one with restricted access like the AIS, may have functional 

relevance. Specifically, it may be important for proper control of excitation for neurons to 

direct α2-GABAARs specifically to the AIS. It should be noted that a recent experiment 

utilizing freeze fracture electron microscopy found that there was no difference in 

GABAAR composition between the somatodendritic compartments and the AIS.232 

However, this experiment used multiple polyclonal antibodies, each with differing 

affinities, to visualize the GABAAR subtypes, preventing an absolute quantification of 

subunit levels. 

 The mechanism by which α2-GABAARs are specifically recruited to the AIS is 

unclear. Live imaging of α1- and α2-GABAARs coupled to quantum dots demonstrated 

that α2-containing GABAARs were relatively less mobile at the AIS than in 

somatodendritic compartments; in addition, α1-containing GABAARs were more mobile 

at the AIS than α2-GABAARs.230 These data indicate that while α1- and α2-GABAARs 

can both access the AIS compartment, α2-GABAARs are somehow preferentially 

anchored at the AIS synapses. GABAARs at the AIS co-localize with GPN, suggesting 

that GPN maintains its role as a key organizer of inhibitory synapses in this 

compartment. However, brain tissue immunostaining showed relatively weaker co-

localization between α2-GABAARs and GPN at the AIS compared to other 

compartments, indicating that GPN may play a reduced role in GABAAR clustering at the 

AIS.231  

Previously described studies show that CB co-localizes with α2-GABAARs, 

92,136,229 and more recent work has uncovered a preferential interaction between CB and 

the α2 subunit,12 making CB a candidate for selective stabilization of α2-GABAARs at the 

AIS. Indeed, CB is present at the AIS of cortical and hippocampal pyramidal neurons.229 
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In addition, deletion of the CB-binding motif in the ICD of the α2 subunit causes the loss 

of α2-GABAARs, and inhibitory synapses all together, at the AIS of hippocampal 

pyramidal neurons, leading to spontaneous seizures and early postnatal death.12 These 

data demonstrate that this ICD motif, and perhaps the CB binding it mediates, is 

necessary for the AIS localization of α2-GABAARs, and that inhibitory control of AP firing 

via GABAARs at the AIS is essential for normal brain function and survival. However, any 

potential interactions α2-GABAARs have with other members of the distinct AIS protein 

scaffold have not been explored, though they likely play some role in α2-GABAAR 

accumulation at the AIS. 

 

1.3.3.2 Chandelier cells 
 

As previously stated, chandelier cells (ChCs) are a parvalbumin positive interneuron 

subtypes that exclusively contacts inhibitory synapses on the AIS of pyramidal 

cells.55,233–235 ChC axons form vertically oriented terminal cartridges 10-50 µm long, each 

comprising 2-12 boutons, directly opposing GABAergic PSDs.236,237 GABAergic 

neurotransmission involving ChCs and their coupled GABAARs result in inhibitory 

postsynaptic currents at the site of AP initiation, making ChCs key regulators of 

pyramidal neuron firing.238 ChCs have only been found in mammals,238 and during 

development they mature later than most other interneuron types.239 

 ChC function has proved difficult to resolve, due to their relatively small numbers 

and the lack of a unique ChC marker.240 However, despite these obstacles the scientific 

community has made progress in understanding ChC properties and function. Each ChC 

makes contacts with hundreds of pyramidal cell AIS compartments, while a given 

pyramidal cell is contacted by no more than a few ChCs.237,241–243 This arrangement 

indicates the potential of ChCs to precisely regulate the output of large number of cells 
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and even entire networks. Indeed, ChCs contribute to the generation of hippocampal 

oscillations.244 These oscillations are thought to be underpinned by the synchronous 

activity of entire networks of pyramidal neurons. During paired recordings, ChCs firing at 

theta frequency (4-8 Hz) quickly entrain its postsynaptic pyramidal cells to their own 

rhythm.245 ChCs receive input from other inhibitory interneurons, including Martinotti 

cells, neurogliaform cells, basket cells, and other ChCs.238,246 Intriguingly, ChCs in the 

hippocampus have been shown to be connected to one another via gap junctions, which 

may allow ChCs to coordinate their activity and further contribute to the synchronization 

of large pyramidal cell populations.247,248  

ChCs have also been shown to dampen excessive network excitation: 

application of bicuculine during in vivo whole-cell recordings in the cortex caused an 

increase in neuronal firing frequency and overall network excitability; ChC firing 

frequency, however, was increased 22-fold, compared to 1.6-fold for non-ChC cortical 

neurons.226 These data suggest that when networks become overexcited, ChCs are 

recruited and activated in order to control the hyperexcitation. 

 

 

1.3.4 AIS dysfunction and disease 
 

Given the fact that the AIS is the site of AP initiation, it may not be surprising that 

dysfunction at the AIS contributes to the pathogenesis of neuropsychiatric disorders, 

particularly epilepsy. The best studied source of AIS dysfunction is genetic mutations 

affecting the genes that encode Na+ channel α subunits. For instance, mutations in 

SCN1A, which codes for Nav1.1, are associated with epilepsy with febrile seizures.249 

The most severe loss-of-function mutations lead to Dravet syndrome, previously known 

as severe myoclonic epilepsy of infancy, a particularly grave epileptic disorder that has 
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proven difficult to treat.250,251 Experiments in mice with a Scn1a loss-of-function mutation 

revealed that Nav1.1 channels are primarily found at the AIS of parvalbumin positive 

inhibitory interneurons, suggesting that Dravet may result from a loss of inhibitory control 

of specific interneuron subtypes, although further studies are needed to test this 

hypothesis.249 Interestingly, missense mutations in SCN2A, which encodes Nav1.2, 

cause benign familial neonatal-infantile seizures (BFNIS), a type of childhood epilepsy 

that usually resolves by age one.252 Nav1.2 is the main pyramidal cell Na+ channel at the 

AIS during embryonic and early postnatal development and is replaced by Nav1.6 soon 

after birth, suggesting that the age-limited effects of SCN2A mutations are due to this 

development shift in Na+ channel subtype expression.253 Mutations in KCNQ2/3, which 

code for Kv7.2/7.3, are also associated with BFNIS.254,255 Recently, de novo mutations in 

SCN8A, which encodes Nav1.6, have been found in patients with early-onset epileptic 

encephalopathies. These patients experienced severe seizures that were often not 

controlled by drug therapy and profound intellectual disability.256  

 Mutations in AIS structural proteins have also been associated with disease. 

Genome-wide association studies performed in patients with bipolar disorder (BD) have 

identified mutations in ANK3, which codes for ankG.257 Reducing ankG expression in the 

hippocampal dentate gyrus of mice produced an aberrant behavioral phenotype that was 

ameliorated by chronic treatment with lithium, a drug commonly used to treat bipolar 

disorder.258 Further research revealed that many of the BD-associated ANK3 mutations 

specifically reduced the expression of ankG isoforms containing exon1b, which is 

primarily found at the AIS of parvalbumin (PV) positive interneurons.259 Mice deficient in 

exon1b lose AIS Na+ channels in PV interneurons, exhibit changes in AP firing, and 

show BD-like behavioral changes, epilepsy, and early mortality.259 ANK3 mutations have 

also been found in patient populations suffering from schizophrenia and autism spectrum 

disorder.260,261 
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 In addition to ankG, mutations in β4-spectrin cause neurological disease. Mice 

with nonfunctional β4-spectrin—the so-called ‘quivering mice’—display ataxia, hindlimb 

paralysis, central deafness, and tremors, perhaps due to changes in ion channel 

clustering at nodes of Ranvier and the AIS.262 Intriguingly, the first human mutation found 

in SPNB4, which encodes β4-spectrin in humans, was identified in a patient suffering 

from central deafness, neuropathy, and myopathy, the same symptoms as the quivering 

mouse.263 Mutations in SPTAN1, the human gene for α2-spectrin, which forms tetramers 

with β4-spectrin at the AIS, are associated with infantile epileptic encephalopathies, 

brain tissue atrophy, and intellectual disabilities.264  Expression of these mutations in 

mouse neurons resulted in abnormal aggregation of spectrin heterodimers, altered Na+ 

channel clustering at the AIS and elevated AP threshold.265 

Finally, changes in ChCs have been found in patients suffering from and animal 

models of epilepsy and schizophrenia. Given that ChCs are predicted to be a key 

controller of excitation in the brain, it follows that epilepsy—a disorder resulting from 

pathological excitation—would result from ChC dysfunction. Tissue from patients with 

temporal lobe epilepsy (TLE) showed an extensive reorganization of ChC terminals in 

the hippocampus.266 Studies in monkeys have shown a loss of ChCs at epileptic foci and 

inducing seizures in mice by injection of pilocarpine leads to a loss of ChCs in the CA1 

of the hippocampus.267,268 However, it is unknown if changes in ChCs predate or result 

from epilepsy in humans; previous work in animals has shown that ChCs are 

preferentially recruited in times of aberrant excitation,226 thus epilepsy could also result in 

damage to ChCs that contributes to future seizures. With regard to schizophrenia, 

studies done in postmortem human prefrontal cortex found a decrease in GABA 

membrane transporter (GAT)-1 expression specifically at ChC axon terminals and an 

increase in the expression of α2-GABAARs, the type of GABAARs that is enriched at the 
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AIS.269,270 It has been hypothesized that these pre- and postsynaptic changes could 

result in ChC dysfunction that somehow causes the disruptions in gamma oscillations 

previously noted in schizophrenic patients.238 Overall, much more research is needed to 

determine the precise role of ChCs in the etiology of schizophrenia and epilepsy. 

However, it is clear that AIS function and proper inhibitory control of the AIS is necessary 

for the brain to operate normally. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 2: Materials and Methods 
 

2.1 Animals 
 

Animals were cared for in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals, and all protocols were approved by the Institutional Animal Care 

and Use Committee (IACUC) of Tufts University School of Medicine. Gabra1-2 animals 

were generated by Genoway (Lyon, France) and maintained in the vivarium at Tufts 

University’s Boston campus on a 12-hour light/dark cycle with constant temperature and 

humidity. All animals, saivng those that underwent EEG/EMG surgery, were group-

housed, and all animals had access to food and water ad libitum, with weekly cage 
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changes. After founder Gabra1-2 mice were received from Genoway, they were 

backcrossed onto the C57Bl6J line for at least 10 generations prior to experiments. For 

all experiments, nontransgenic (wildtype, WT) littermates were employed as controls.  

For α2 surface expression experiments I generated a Gabra1-2/Myc-pHlourin-α2 

(pHα2) double homozygote line. Gabra1-2 homozygous animals and preexisting pHα2 

homozygous animals were bred together for several generations until double 

homozygotes were obtained. As previously described, in pHα2 animals a pHlourin and 

Myc tag is incorporated into the N-terminal of the mature α2 subunit protein, allowing for 

improved detection of low levels of α2 expression.271 In experiments involving these 

double homozygotes, WT/pHα2 littermates were used as controls. For the rescue and 

survival experiments I generated Gabra1-2/Gabra2-1 double heterozygous animals, 

which I achieved by breeding Gabra1-2 homozygotes and preexisting Gabra2-1 

homozygotes together.12 All experiments except cell culture immunocytochemistry (ICC) 

and co-immunoprecipitation used only male mice, aged 8-12 weeks. Co-

immunoprecipitation experiments employed age- and sex-matched 8-12-week old male 

and female animals. 

 

2.2 Cell culture  
 

Primary hippocampal neuron cultures for ICC were prepared from monogenotype WT 

and homozygous Gabra1-2 litters. Hippocampi from anaesthetized WT and Gabra1-2 P0 

male and female pups were dissected in ice-cold Hank’s buffered salt solution (HBSS, 

ThermoFisher, #14185052) with 10 mM HEPES and then pooled and incubated with 

0.1% (v/v) trypsin (ThermoFisher, #15090046) in HBSS for 20 minutes at 37°C. Cells 

were then washed once in HBSS and triturated in fresh media to dissociate the neurons. 

After filtering the cells with a 40 µm nylon mesh strainer (ThermoFisher, #22363547) to 
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remove any non-dissociated tissue, the resulting hippocampal neurons were counted on 

a hemocytometer and plated on poly-L-lysine (1 mg/mL, Sigma, #P1274)- and laminin 

(1mg/mL, Sigma, #L2020)-coated glass coverslips placed in 35 mm dishes with 3 mL of 

Neurobasal-A culture medium (ThermoFisher, #10888022) containing 2% B27 (v/v; 

ThermoFisher, #17504044), 1% penicillin/streptomycin (v/v; ThermoFisher, #15140122), 

0.6% D-glucose (w/v; Sigma, #G8270), and 1% GlutaMAX (v/v; ThermoFisher, 

#35050061) at a density of 5 x 105 cells/dish. Cells were grown at 37°C, 5% CO2 and 

95% humidity, and allowed to mature for 21 days (Day in vitro 21, DIV21).  

 

2.3 DNA 
 

2.3.1 Mutation sequencing 
 

Founder Gabra1-2 mice were created by Genoway, using homologous recombination 

and ES cells, as previously described.29,272,273 The Gabra1-2 mutation was confirmed by 

amplifying the relevant portion of genomic DNA from WT and homozygous Gabra1-2 

mice via polymerase chain reaction (PCR) using primers that spanned the intracellular 

loop domain sequence. The resulting PCR product was sequenced. 

 

Table 2.1 Gabra1-2 sequencing primers 

 Sequence 5’-3’ Source 

Primer 1 TGCCAGGGAGTCTAACCGT Integrated DNA 

Technologies 

Primer 2 CAAATAGCAGCGGAAAGGCT Integrated DNA 

Technologies 
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Primer 3 CTGCCAGGGAGTCTAACCGT Integrated DNA 

Technologies 

Primer 4 GACAGTCGGTCGATTTTGCTG Integrated DNA 

Technologies 

 

2.3.2 Genotyping 
 

Genotyping of Gabra1-2 mice was performed by PCR using primers spanning the 

intronic region containing the mutation (Figure 2.1A). The expected PCR products were 

351 base pairs for WT and 457 base pairs for homozygous mice (Figure 2.1B).  

 
Figure 2.1 Genotyping of Gabra1-2 mice. (A) Illustration of the targeting vector and the 
targeted Gabra1 gene with the knock-in of the α2 360-375 sequence. (B) Genotyping for 
WT (-/-), heterozygous (+/-), and homozygous (+/+) mice using primers flanking the α1 
ICD. 
Genotyping of Gabra2-1 and pHα2 mice were performed as described previously.12,271 

 

Table 2.2 Gabra1-2 genotyping primers 

 Sequence 5’-3’ Source 

Forward 

Primer 

GGGTCGACAACTATTTCACCAAGAGAGG Integrated DNA 

Technologies 

Reverse 

Primer 

GGGCGGCCGCTTATCGGTCGATTTTGCTGACGC Integrated DNA 

Technologies 
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2.4 Cresyl violet staining 
 

 8-12-week-old male WT and Gabra1-2 littermates were transcardially perfused with 30 

mL of phosphate buffered saline (PBS, pH 7.4), followed by 60 mL of 4% (v/v) 

paraformaldehyde in 0.15 M sodium phosphate buffer (PFA). Brains were post-fixed in 

PFA for 3 hours and subsequently washed in PBS and transferred to a 30% sucrose 

solution for cryoprotection. Brains were then embedded in optimal cutting temperature 

compound (ThermoFisher, #23730571) and frozen at -80°C. Brains were sliced on a 

cryostat (ThermoFisher, #HM 525) into 40 µm sections and mounted onto gelatin-coated 

glass slides (Southern Biotech, #SLD01-CS). These mounted sections were sequentially 

washed for 1 minute each in (all v/v) 75% ethanol, 95% ethanol, 100% ethanol, distilled 

water, and then incubated in filtered cresyl violet solution for 10 minutes (0.3% glacial 

acetic acid v/v, 0.5% cresyl violet acetate w/v). Staining was followed by 1-minute 

sequential washes in distilled water, 75% ethanol, 95% ethanol, 100% ethanol, and 

xylene. Images were acquired with a Nikon E800 microscope (Nikon) on a 4x objective. 

3 animals per genotype were imaged. 

2.5 Antibodies 
 

Table 2.3 Primary antibodies 

Primary antibody Species Dilution Source 

Anti-ankyrin G 
Monoclonal 

Mouse 1:10,000 UC Davis/NIH 
NeuroMab 
Facility, #73-146 

Anti-cadherin, pan 
Polyclonal 

Rabbit 1:1000 Cell Signaling, 
#4068 

Anti-collybistin, 
Polyclonal 

Rabbit 1:1000 Synaptic 
Systems, #261 
003 

Anti-GABAAR α1, N-
terminal 
Polyclonal 

Rabbit 1:1000 Abcam, #ab33299 
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Anti-GABAAR α2, C-
terminal 
Polyclonal 

Rabbit 1:1000 Phosphosolutions, 
no longer 
available 

Anti-GABAAR α2, N-
terminal 
Polyclonal 

Rabbit 1:1000 Synaptic Sytems, 
#224 103 

Anti-GAPDH 
Polyclonal 

Rabbit 1:5000 Santa Cruz, no 
longer available 

Anti-Gephyrin 3B11 
Monoclonal 

Mouse 1:5000 Synaptic 
Systems, #147 
111 

Anti-Gephyrin 
mAb7a 
Monoclonal 

Mouse 1:5000 Synaptic 
Systems, #147 
011 

Anti-Gephyrin 
RbmAB7a 
Monoclonal 

Rabbit 1:5000 Synpatic 
Systems, #147 
008 

Anti-GFP 
Polyclonal 

Chicken 1:1000 Cell Signaling, 
#2555 

Anti-Sodium 
Channel, pan 
Monoclonal 

Mouse 1:5000 Sigma Aldrich, 
#S8809 

Anti-Synapsin 1 
Monoclonal 

Mouse 1:5000 Synaptic 
Systems, #106 
011 

Anti-VGAT 
Polyclonal 

Guinea pig 1:1000 Synaptic 
Systems, #131 
004 

Anti-VGAT 
Polyclonal 

Rabbit 1:5000 Synaptic 
Systems, #131 
003 

 

Table 2.4 Secondary antibodies 

Secondary 
antibody 

Species Dilution Source 

Anti-mouse, 
peroxidase 
conjugated 
Polyclonal 

Donkey 1:5000 Jackson 
ImmunoResearch, 
#715-036-151 

Anti-rabbit, 
peroxidase 
conjugated 
Polyclonal 

Donkey 1:5000 Jackson, 
ImmunoResearch, 
#711-036-152 

Anti-guinea pig, 
Alexa Fluor 647 
Polyclonal 

Goat 1:5000 ThermoFisher 
Scientific, #A-
21450 
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Anti-mouse, Alexa 
Fluor 488 
Polyclonal 

Goat 1:5000 ThermoFisher 
Scientific, #A-
28175 

Anti-rabbit, Alexa 
Fluor 568 
Polyclonal 

Goat 1:5000 ThermoFisher 
Scientific, #A-
11011 

 

2.6 Protein biochemistry 
 

2.6.1 Lysate preparation 
 

2.6.1.1 Lysate preparation for brain tissue 
 

8-12-week-old male WT and Gabra1-2 mice were anaesthetized by isofluorane and their 

brains were removed rapidly. Whole hippocampi were dissected out and then 

mechanically homogenized with a 26G needle in ice-cold lysis buffer comprising 5 mM 

EDTA, 5 mM EGTA, 1 mM sodium orthovanadate, 100 mM NaCl, 10 mM NaH2PO4, 25 

mM NaF, 2% Triton-X (v/v), and protease (mini cOmplete, Roche, #11836153001) and 

phosphatase inhibitor cocktails (PhosStop, Roche, #4906845001). Tissue lysed on a 

rotator for 30 minutes at 4°C. Samples were then centrifuged for 15 mintues at 13,000 

rmp at 4°C to pellet any insoluble material. Following lysis, the protein concentration of 

the supernatant was assessed via a bicinchoninic acid (BCA) assay (Pierce, #23225) 

and samples (50 µg) were boiled for 10 minutes at 70°C in NuPAGE LDS Sample Buffer 

(Invitrogen, #NP0007) with 1% (v/v) β-mercaptoethanol.  

 

2.6.1.2 Biotinylation and lysate preparation for hippocampal slices 
 

8-12-week-old male mice (WT and Gabra1-2 homozygous for α1; pHα2 and 

pHα2/Gabra1-2 homozygous for α2) were anaesthetized with isofluorane and their 

brains were rapidly removed. 350 µm-thick coronal hippocampal slices were sectioned 
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on a vibratome (Leica VT1000S) in ice-cold cutting solution containing 87 mM NaCl, 2.5 

mM KCl, 0.5 mM CaCl2, 25 mM, NaHCO3, 1.25 mM NaH2PO4, 7 mM MgCl2, 50 mM 

sucrose, and 25 mM glucose. Following sectioning, slices were given a 1-hour recovery 

period in 32°C artificial cerebrospinal fluid (aCSF) containing 126 mM NaCl, 26 mM 

NaHCO3, 2.5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 1mM glutamine, 1.25 mM NaH2PO4, 

1.5 mM sodium pyruvate, and 10 mM glucose. After recovery, slices were incubated in 

ice-cold, 1 mg/mL EZ-Link Sulfo-NHS-SS-biotin (ThermoFisher, #21328T) in aCSF for 

45 minutes. All solutions noted above were oxygenated with 95% (v/v) O2/5% (v/v) CO2. 

After 3 rinses in ice-cold 100 mM glycine in aSCF to halt the biotin reaction and 2 

washes in ice-cold plain aCSF, samples were homogenized mechanically with a 26G 

needle and lysed in the previously described lysis buffer. Lysis was performed as 

described above. After adjusting for protein concentration as measured by a BCA assay, 

the hippocampal lysates (500 µg) were incubated with 50 µL of Strepavidin Agarose 

beads (ThermoFisher, #20347) on a rotator at 4°C overnight, with a portion (50 µg) 

reserved for total protein analysis. After the overnight incubation, the supernatant was 

removed, and beads were washed in lysis buffer 3 times. All samples were mixed with 

NuPAGE LDS Sample Buffer (Invitrogen, #NP0007)/1% (v/v) β-mercaptoethanol. 

Samples were boiled for 10 minutes at 70°C. 

 

2.6.1.3 Lysate preparation for co-immunoprecipitation 
 

Cortices and hippocampi were rapidly removed from isofluorane-anaesthetized 8-12-

week-old male and female WT and Gabra1-2 mice and collected in ice-cold 

cryoprotectant buffer (225 mM mannitol, 75 mM sucrose, 30 mM Tris-HCl, pH 7.4). 

Tissue was then mechanically homogenized using 14 strokes of a dounce homogenizer 

in homogenization buffer (225 mM mannitol, 75 mM sucrose, 0.5% (w/v) BSA, 0.5 mM 
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EGTA, 30 mM Tris-HCl, pH 7.4) and subsequently subjected to the following sequential 

centrifugation, all at 4°C: two 5-minute spins at 800 x g to remove unbroken cells; two 

10-minute spins at 10,000 x g to remove mitochondria; and two 20-minute spins at 

25,000 x g to isolate plasma membrane (PM) fractions. PM fractions were re-suspended 

and lysed in a lysis buffer comprising 150 mM NaCl, 10 mM Tris, 0.5% Triton-X, and 

protease and phosphatase inhibitor cocktails, as above. PM lysates (5000 µg protein) 

were then incubated with 150 mL Protein A Dynabeads (ThermoFisher, #10001D) cross-

linked to 15 μg of N-terminal α1 antibody (see Table 2.3) overnight at 4°C. The 

supernatant was removed and beads were washed 3 times with PBS with 0.05% (v/v) 

Tween. Samples were eluted in SDS-PAGE sample buffer. Immunoprecipitation (IP) 

samples were first boiled at 55°C for 10 minutes to remove protein complexes from the 

beads, and then both total lysate and IP samples were boiled for 5 minutes at 95°C. 

 

 
 
 
2.6.2 Western blotting 
 
 
2.6.2.1 SDS-PAGE 
 

Samples were loaded onto NuPAGE 4-12% Bis-Tris gels (Invitrogen, #NP0335) and run 

in 1x MES SDS running buffer (Invitrogen, #NP0002) at 100 V for 2 hours in a vertical 

electrophoresis chamber (Novex Mini-Cell, Invitrogen, #EI0001). 

 

2.6.2.2 Wet transfer 
 

 After separation by SDS-PAGE, proteins were transferred to nitrocellulose membranes 

(Bio-rad, #1620115) using transfer tanks (Mini Trans-Blot Electrophoretic Transfer Cell, 
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Bio-rad, #1703930) in ice-cold 1X transfer buffer (25 mM Tris, 192 mM glycine, 20% 

methanol) for 1 hour at 100 V. Membranes were then stained with Ponceau for 30 

seconds and then washed three times in de-ionized H2O to visualize proteins. 

 

2.6.2.3 Blocking 
 

After transfer, membranes were blocked in 5% milk in tris-buffered saline with 1% (v/v) 

Tween-20 (TBS-T) for 1 hour at room temperature with constant agitation. 

 

2.6.2.4 Incubation with antibodies 
 

 Membranes were incubated with their respective primary antibodies diluted into blocking 

solution overnight at 4°C with constant agitation. After three 10-minute washes in TBS-T, 

the membranes were incubated with HRP-conjugated secondary antibodies diluted into 

blocking solution for 1 hour at room temperature.  

 

2.6.2.5 Developing and imaging blots 
 

Blots were washed 3 times for 10 minutes in TBS-T. Blots were developed with a 

chemiluminescence system per the manufacturer’s instructions (Pierce ECL, 

ThermoFisher, #32106) and imaged with a CCD-based system (ChemiDoc XRS, Bio-

Rad, #1708265; paired with Image Lab 5.0, Bio-rad). 

 

2.6.3 Immunoblot quantification 
 

2.6.3.1 Total protein quantification 
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Band densitometry was measured with ImageJ v.2.0.0 (NIH). Specific protein expression 

was determined by normalizing to GAPDH loading control densitometry data. Gabra1-2 

protein levels were normalized to WT control (100%). 5 independent experiments were 

performed for all total protein expression experiments. Unpaired t-tests with Welch’s 

correction were performed using GraphPad Prism v.7.01 to compare mean values 

between WT and Gabra1-2 hetero- and homozygotes, with values below p<0.05 

considered significant. Graphs were plotted as mean ± standard error of the mean 

(SEM). 

 

2.6.3.2 Surface/total protein quantification 
 

 Band densitometry was measured with ImageJ v.2.0.0 (NIH) and protein expression 

levels were determined by normalizing to GAPDH (total protein) and/or pan-cadherin 

(surface protein) loading controls. The ratio of surface:total protein was calculated, and 

then Gabra1-2 values were normalized to WT or pHα2 control (100%). 5 independent 

experiments were performed. Unpaired t-tests with Welch’s correction were done on 

GraphPad Prism v.7.10 to compare mean values between WT and Gabra1-2 or pHα2 

and Gabra1-2/pHα2, with values below p<0.05 considered significant. Graphs were 

plotted as mean ± SEM. 

 

2.6.3.3 Co-immunoprecipitation quantification 
 

Using ImageJ v.2.0.0 (NIH), relative immunoprecipitation levels were determined by 

normalizing to α1 densitometry results to account for differences in the amount of total 

α1 present in WT versus Gabra1-2 samples. Gabra1-2 protein levels were then 

normalized to WT control (100%). 4 independent experiments were performed. Unpaired 
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t-tests with Welch’s correction were implemented on GraphPad Prism v.7.10 to compare 

mean values between WT and Gabra1-2, with data below p<0.05 considered significant. 

Graphs were plotted as mean ± SEM. 

 

2.7 Immunocytochemistry 
 

2.7.1 Cell staining 
 

DIV21 primary hippocampal WT and Gabra1-2 neurons were washed one time in PBS 

and then incubated for 20 minutes in a solution of 4% (w/v) sucrose and 4% (v/v) 

paraformaldehyde in PBS for fixation. After 3 washes with PBS to remove any remaining 

fixative, cells were blocked in a blocking solution comprising 5% (w/v) bovine serum 

albumin (BSA) for 1 hour at room temperature. Cells were then incubated with the 

appropriate primary antibodies diluted into modified blocking solution containing 2.5% 

(w/v) BSA, 2% (v/v) normal goat serum (NGS), and 0.1% (v/v) Triton-X for 2 hours at 

room temperature. After 10 washes with PBS to remove any unbound antibody, cells 

were incubated with Alexa-conjugated secondary antibodies diluted in modified blocking 

solution for 1 hour at room temperature. Cells were then washed in PBS 10 times and 

mounted on glass slides (Electron Microscopy Sciences, #71864) using ProLong Gold 

Antifade mounting media (ThermoFisher, #P36930). 

 

2.7.2 Cell imaging 
 

 Images were taken with a Nikon A1 confocal scanning laser microscope coupled with 

NIS Elements software v.4.20 (Nikon). Images were acquired at a 512 x 512 resolution 

(17 nm/pixel) with a 60x (oil, numerical aperture: 1.00) objective by an imager blind to 

genotype. Laser settings were optimized for low background levels and sufficient 
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signal/noise ratio, and within experiments these settings were not changed between 

genotypes. Images were saved as single-channel and overlay 8-bit TIF-files.  

 

2.7.3 Quantification and analysis 
 

All imaging analysis was performed blinded to genotype, and 3 independent experiments 

were done for each antibody combination. Within each experiment, at least 10 neurons 

per genotype were imaged and analyzed. Immunostaining density and area were 

quantified with MetaMorph software (Molecular Devices). To define image thresholds, 

the brightness of single-channel images was adjusted with the “inclusive thresholding” 

function. Within each experiment, these threshold adjustments were unchanged 

between genotypes. Puncta number and size was calculated using the MetaMorph-

based “Integrated Morphometry Analysis” tool, which determined the number, area, and 

average intensity of single objects >0.05 µm. Puncta density was defined as the number 

of Metamorph-identified puncta per 10 µm of soma or neurite. Co-localization analysis 

(calculation of the Pearson’s correlation coefficient) between single-channel images was 

performed by employing the Coloc2 macro on ImageJ v.2.0.0/Fiji 

(https://imagej.net/ImageJ). A region of interest (ROI) containing the soma and neurites 

of a given neuron was defined on one channel with the polygon drawing tool and 

transferred to the other channel. The background was subtracted using a Rolling-Ball 

Background Subtraction of 50. Results were analyzed on GraphPad Prism v.7.10 with 

unpaired t-tests comparing the mean values between WT and Gabra1-2, with data below 

p<0.05 considered significant. Graphs were plotted as the mean ± SEM. 

 

2.8 Electrophysiology 
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2.8.1 Slice preparation 
 

Ex vivo brain slices were prepared from the brains of 4-6-week-old WT and Gabra1-2 

male, isofluorane-anaethetized mice. Brains were rapidly removed and 300 µm sections 

were sliced in ice-cold, oxygenated saline (92 mM NMDG, 2.5 mM KCl, 1.25 mM 

NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM Na-

ascorbate, 3 mM Na-pyruvate, 0.5 mM CaCl2, 10 mM MgSO4) by a vibratome (VT1000S, 

Leica), then rested at 32°C for 10 minutes in holding aSCF (92 mM NaCl, 2.5 mM KCl, 

1.25 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM glucose, 2 mM thiourea, 5 

mM Na-ascorbate, 3 mM Na-pyruvate, 2 mM CaCl2, 2 mM MgSO4). Brain slices were 

subsequently transferred to the recording chamber, where they were continually 

perfused with normal aCSF (126 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 26 

mM NaHCO3, 1.25 mM NaH2PO4, 10 mM glucose, 1.5 mM Na-pyruvate, 1 mM 

glutamine, 3 mM kynurenic acid, 0.005 M GABA) at 32°C. All solutions described above 

were bubbled with 95% (v/v) O2/5% (v/v) CO2.  

 

2.8.2 mIPSC recording 
 

Whole-cell currents were recorded from CA1 pyramidal cells in 300 µm-thick 

hippocampal slices. Patch pipettes (5-7 MΩ) were pulled from borosilicate glass (World 

Precision Instruments) and filled with an intracellular solution (140 mM CsCl, 1 mM 

MgCl2, 0.1 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP, 4 mM NaCl, 0.3 mM Na-GTP, pH 

to 7.2 with CsOH).  To isolate mini inhibitory postsynaptic currents (mIPSCs), 

tetrodotoxin (TTX; 0.5 µM) was added to the aCSF in the recording chamber. A 5-minute 

stabilization period was allowed after obtaining the whole-cell recording configuration 

(holding potential of -60 mV) on a pyramidal neuron in the hippocampal CA1. Currents 
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were recorded with an Axopatch 200B amplifier (Molecular Devices), low-pass filtered at 

2 kHz, digitized at 20 kHz (Digidata 1440A; Molecular Devices), and stored for off-line 

analysis. Series resistance and whole-cell capacitance were continually monitored and 

compensated for throughout the experiment.  

 

2.8.3 mIPSC kinetics analysis 
 

mIPSCs were analyzed using mini-analysis software v.5.6.4 (Synaptosoft). Minimum 

threshold detection was set at 3x the value of the baseline noise signal. Recordings 

were excluded from analysis if the series resistance increased by >20%. To examine 

mIPSC kinetics, the recording trace was inspected and only events with a stable 

baseline, sharp rising phase, and a single peak were used in order to negate any 

artifacts resulting from event summation. Only recordings with at least 200 events 

meeting these criteria were analyzed. mIPSC amplitude and frequency from each 

experimental condition were pooled and expressed as mean ± SEM. To measure 

mIPSC decay, we averaged 100 consecutive events, fit the decay to a double 

exponential, and took the weight decay constant (σ). Statistical analysis for mean 

mIPSC kinetics was performed using a Student’s t-test (paired and unpaired where 

appropriate), where p<0.05 is considered significant. Graphs were plotted as mean ± 

SEM. 

 

2.8.4 Gaussian curve analysis 
 

To show the distribution of mIPSC amplitudes, these data were fitted with a Gaussian 

function:  
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𝑓𝑓(𝑥𝑥) =�𝐴𝐴𝐴𝐴
𝑛𝑛

𝑖𝑖=1

𝑒𝑒−(𝑥𝑥−𝜇𝜇𝑖𝑖)2/(2𝜎𝜎𝑖𝑖2)
𝜎𝜎𝑖𝑖√2𝜋𝜋

+ 𝐶𝐶 

 
Where A is the amplitude, μ is the Gaussian mean amplitude current, σ is the Gaussian 

standard deviation, and C is the constant for each component i. 

 

2.9 Behavior 
 

Behavioral testing was performed on group-housed 8-12-week-old male WT and 

Gabra1-2 mice by an investigator blinded to genotype. All behavioral tests were done 

during the light phase between 9am and 4pm, after at least 1 hour of habituation to the 

temperature controlled (70-74°F) behavioral testing facility. WT and mutant littermates 

were used for all experiments. Protocols for all behavioral tests were based on standard 

protocols. Testing equipment was cleaned between each mouse using 70% ethanol 

followed by Clidox (a chlorine dioxide based sterilant).  

 

 

 

2.9.1 Motor behavior 
 

2.9.1.1 Rotarod 
 

During the rotarod test, mice were individually placed on the rotarod apparatus (Med 

Associates; rubber-coated cylinder 4 cm in diameter, fixed 30 cm above ground) and 

trained in the task in three 3-minute trials at a speed of 16 rotations per minute (rpm), 

with a 15-minute inter-trial interval. After training was completed, the animals were 

returned to their home cage and allowed to recover for an additional 15 minutes before 

the testing trials began. Rotarod testing was conducted on an accelerated speed setting, 
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with rotarod speeds increasing from 4 to 40 rpm over the course of 5 minutes. Animals 

were subject to three 5-minute-maximum tests, with an inter-trial interval of 15 minutes. 

The latency to fall off the rotarod beam or to lose control (defined as 3 rotations around 

the rotarod cylinder without active movement) was measured for each test, and the 

average latency was then calculated for each animal.  

 

2.9.1.2 Open field test (OFT) 
 

Mice were individually placed in the center of a 60 cm x 60 cm white-walled box and 

allowed to explore freely for 10 minutes. The OFT box was positioned inside a 

photobeam frame with 16 x 16 equally spaced photo emitters and detectors (Kinder 

Scientific). The frames were connected to MotorMonitor software (Kinder Scientific), 

which measured the total distance travelled for each mouse as well as the time spent in 

the center and peripheral zones. 

 

 

2.9.2 Anxiety-like behavior 
 

2.9.2.1 Elevated plus maze (EPM) test 
 

The EPM was comprised of two open and two closed arms extending from a central 

square. The apparatus was elevated to 40 cm above the floor. Individual mice were 

placed in the center square facing an open arm and allowed to freely explore for 10 

minutes. The total distance travelled and the time each mouse spent in the open arms 

and the closed arms was tracked using photobeam break technology linked to 

MotorMonitor software (Kinder Scientific).  
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2.9.2.2 Light/dark box (LD) test 
 

Each mouse was placed in the dark side of a 2-compartment light/dark box and allowed 

to explore freely for 10 minutes. The compartments were of equal size (21 cm x 21 cm) 

and were separated by a partition with a small doorway to allow the animal to pass 

between compartments. The testing box was placed in a 22 cm x 43 cm photobeam 

frame (Kinder Scientific, 4 x 6 equally spaced photo emitters and detectors). These 

frames were connected to MotorMonitor software that quantified the distance travelled 

and the total time spent in each compartment, as well as the number of entries into each 

compartment. 

 

2.9.3 Prepulse inhibition (PPI) test 
 

Each mouse was placed into an individual, soundproofed PPI testing chamber 

connected to a computer running StartleMonitor software (Kinder Scientific). Each 

testing session began with a 5-minute background 65 decibel (dB) white noise 

acclimation period followed by 6 120 decibel (dB) pulse-only trials to habituate the mice 

to the pulse stimulus. Animals were then presented with 11 test blocks in which the 120 

dB pulse was preceded by a prepulse of differing intensities. Each test block was 

comprised of 4 trials (65 dB, 73 dB, 77 dB, and 81 dB prepulse intensity) presented in 

pseudorandomized order, separated by pseudorandomized inter-trial intervals that 

ranged from 5-25 milliseconds with an average of 15 milliseconds. The delay between 

the prepulse and pulse stimuli was always 80 milliseconds and each test block was 

separated by a no-stimulus trial. After the 11 test blocks were completed, each animal 

was presented with an additional 6 pulse-only trials. StartleMonitor recorded and 

compiled both maximum and average startle responses, and percent inhibition was 

calculated as follows: PPI=100*[(pulse alone-prepulse)/pulse alone]. 
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2.9.4 Behavior analysis 
 

All behavioral tests used 10 mice per genotype in at least 3 independent cohorts. 

Results were analyzed on GraphPad Prism v.7.10 with either one-way analysis of 

variance (ANOVA) with posthoc testing or a Student’s t-test comparing the means 

between WT and Gabra1-2 hetero- and/or homozygotes. Data below p<0.05 was 

considered significant. Graphs were plotted as mean ± SEM. 

 

2.10 Electroencephalography (EEG) 
 

2.10.1 Surgery and acquisition 
 

 8-12-week-old male WT and Gabra1-2 littermates were utilized for EEG studies. 

Prefabricated EEG and electromyography (EMG) headmounts (2-channel, Pinnacle 

Technology, #8201) were implanted under isofluorane anaesthesia (3-5% for induction, 

1-2% for maintenance). Mice were given 0.1 mg/kg buprenorphine i.p. as a 

supplementary analgesic. All surgical instruments were heat-sterilized in a bead 

sterilizer. The fur covering the scalp was shaved off and the skin of the scalp was 

sterilized with 3 applications of β-iodine, with a wash of 70% ethanol between each 

application. Scissors were used to make an incision down the vertical midline of the 

scalp to expose the skull. The skull was washed with a sterile Q-tip soaked in 70% 

ethanol. The EEG/EMG head-mount was aligned with lambda and secured to the skull 

with two 0.10 inch and two 0.12-inch ground screws (Pinnacle Technology, #8209 and 

#8212, respectively). Two of the screws served as EEG leads in the frontal cortex, 1 as 

a reference ground, and 1 as an animal ground. The two EMG electrodes were placed 

bilaterally into the muscles of the neck. Dental cement was used to close the scalp and 
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secure the head-mount. Mice were singly-housed post-surgery. After a minimum of 7 

days of recovery, EEG and EMG recordings were collected with Sirenia Acquisition 

software v.1.7.10 (Pinnacle Technology). Recordings were performed in awake, 

behaving WT and Gabra1-2 mice. Animals were given 1 hour of habituation to the 

recording chamber and the preamplifier. For baseline EEG activity, EEG/EMG 

recordings were then collected for 2 hours. For epileptic EEG activity, EEG/EMG 

recordings were collected for 1 hour pre- and 2 hours post-injection of the 

chemoconvulsant kainic acid (KA; 20 mg/kg i.p.; Sigma, #K0250).  

 

2.10.2 Baseline power analysis 
 

 Power analysis was performed blind to genotype using LabChart software v.7.3.8 (AD 

Instruments). Fast-Fourier transform (FFT) was used to transform 10 minutes of awake 

baseline activity from the time domain to the frequency domain to generate a power 

spectral density plot (FFT size 4K, 93.7% overlap, Hanns window function). Activity was 

then binned into the following frequency bands: delta (1-4 Hz), theta (4-8 Hz), alpha (8-

13 Hz), beta (13-30 Hz), low gamma (30-50 Hz), and high gamma (50-100 Hz). 9 

animals per genotype were used in at least 3 separate cohorts. The power of each 

frequency band was expressed as a percentage of the total EEG power and plotted as 

the mean ± SEM. Unpaired t-tests were performed with GraphPad Prism v.7.10 to 

compare genotype means, and data below p<0.05 was considered significant. 

 

2.10.3 Seizure analysis 
 

 All seizure data was analyzed blind to genotype. The latency to the first seizure event 

and the latency to the onset of status epilepticus (SE) was measured with pClamp 
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software v.10.3 (Molecular Devices). Epileptiform activity was defined as having an 

amplitude of at least 2.5x the standard deviation of baseline activity and lasting for at 

least 30 seconds. Latency to the first seizure was defined as the time from KA injection 

to the start of the first detected electrographic seizure. SE was defined as continuous 

epileptiform activity lasting at least 5 minutes, with no more than 30 seconds between 

epileptiform events. Latency to SE was defined as the time from KA injection to the start 

of the first period of such activity. As above, FFT was used to transform the first hour 

after KA injection from the time domain to the frequency domain to generate a power 

spectral density plot (FFT size 4K, 93.7% overlap, Hanns window function). Activity was 

then binned into the same frequency bands as above. Mortality during the post-KA 

period was also assessed. 9 animals per genotype were used in at least 3 separate 

cohorts. Gabra1-2 data (latency to first seizure and latency to SE) was normalized to WT 

littermate controls to account for variability due to differences in KA potency between 

cohorts. Results were analyzed with GraphPad Prism v.7.10 using either unpaired t-tests 

or unpaired t-tests with Welch’s correction, where appropriate, to compare mean values 

between WT and Gabra1-2. Graphs were plotted as the mean ± SEM. Mortality data 

was plotted as a survival curve and analyzed with a log-rank (Mantel-Cox) test. Data 

below p<0.05 was considered significant. 

 

2.11 Survival assessment  
 

Assessment of postnatal survival comparing Gabra2-1 heterozygotes and Gabra1-

2/Gabra2-1 heterozygotes was performed. Litters were observed by the investigator 

once per day until weaning at postnatal day 21 (PND21) to check for pup death. After 

weaning, offspring were observed once per day to check for mortality until PND40. At 
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least 20 pups per condition were assessed. Results were plotted with GraphPad Prism 

v.7.10 as the percent of animals alive from PND0-PND40. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Chapter 3: Results 
 
 
3.1 Successful generation of the novel Gabra1-2 mouse 
 

To investigate the interaction between CB and the α2 ICD binding motif and determine 

its importance to inhibitory synapse formation, I generated a transgenic knock-in mouse 

in which amino acids 360-375 of the α1 subunit ICD were replaced by the homologous 

sequence of the α2 subunit (Figure 3.1A). To confirm the Gabra1-2 mutation, I amplified 

the relevant portion of genomic DNA from WT and homozygous Gabra1-2 mice and 

sequenced the resulting PCR product. The sequencing data confirmed the insertion of 
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the α2 amino acid sequence into α1 (Figure 3.1B). Gabra1-2 homozygous mice were 

viable and did not display any overt phenotypes.  

Figure 3.1 Generation of the 
Gabra1-2 mutant mouse. (A) 
Cartoon schematic of the Gabra1-
2 mutation, located in the ICD of 
the α1 subunit protein. (B) 
Chromatogram of the sequencing 
results from WT (top) and mutant 
(bottom) DNA from the Gabra1 
gene, confirming the successful 
knock-in of the α2 ICD motif into 
the α1 ICD. (C) Representative 
immunoblot of WT and mutant 
hippocampal lysates with an 
antibody against the ICD of the α1 
subunit, showing a loss of 
immunoreactivity in the 
homozygous sample. (D) Cresyl 
violet staining of the hippocampus 
reveals no gross morphological 
changes in the hippocampal 
anatomy of the Gabra1-2 mouse. 
Scale bar=500 μm. 

 
 

Immunoblotting WT and mutant total hippocampal lysates with an antibody against the 

loop domain of the α1 subunit—the location of the Gabra1-2 mutation—revealed a loss 

of immunoreactivity in the mutant samples, providing further evidence for the successful 

generation of the ICD mutation (Figure 3.1C). Finally, I performed cresyl violet staining of 

fixed WT and homozygous brain tissue to examine brain morphology and found no 

differences in gross hippocampal anatomy between WT and mutant animals (Figure 

3.1D).  

 

3.2 The Gabra1-2 mutation causes changes in total expression of GABA-related proteins 
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 Next, I probed the potential effect of the Gabra1-2 mutation on the expression of 

inhibitory synapse components. To this end, I immunoblotted total hippocampal lysates 

with antibodies against the N- or C-terminus of the α1 and α2 subunits, GPN, CB, 

synapsin, and the vesicular GABA transporter (VGAT). There were no changes in the  

total expression of any of these proteins in heterozygous Gabra1-2 mice compared to  

 

 

 

 

 

 

 

 
Figure 3.2 The Gabra1-2 mutation leads to changes in the total hippocampal 
expression of inhibitory synaptic proteins. (A) Representative immunoblots of WT, 
heterozygous (Het), and homozygous (Homo) total hippocampal lysates with antibodies 
against proteins found at the inhibitory synapse. (B) Pooled quantification (n=5, unpaired 
t-tests with Welch’s correction) shows that the Gabra1-2 mutation leads to a decrease in 
total α1 expression, a trending decline in total α2 expression (p=0.077), an increase in 
total CB expression, and a decrease in total VGAT expression. *p<0.05; **p<0.01; 
#p<0.0001. All data are presented as the percentage of WT and error bars represent the 
mean ± the standard error of the mean (SEM). 
 
WT. In homozygous animals, total levels of synapsin were unchanged, indicating no 

widespread changes in general synapse formation (Figure 3.2A-B). I found that total CB 

levels were increased in homozygous mutants compared to controls, while GPN 

expression was unchanged (Figure 3.2A-B). In addition, total expression of VGAT was 

significantly decreased in Gabra1-2 homozygous animals compared to WT controls, 

suggesting an alteration in the presynaptic terminals of inhibitory synapses (Figure 3.2A-

B). Immunoblotting also showed that total α1 expression decreased in homozygous 
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Gabra1-2 mutants compared to controls, and total expression of α2 also trended 

towards a decrease (Figure 3.2A-B).  

 

3.3 The Gabra1-2 mutation leads to surface displacement of α2-GABAARs by α1-
GABAARs 
 

 
 
Figure 3.3 The Gabra1-2 mutation changes the surface stability of GABAAR 
subtypes. (A) Representative immunoblots from WT and Gabra1-2 homozygous 
biotinylated hippocampal slices probing the surface expression of the α1 and α2 
subunits. Total α1/2 was normalized to GAPDH, while surface α1/2 was normalized to 
pan-cadherin. (B) Pooled quantification (n=5, unpaired t-tests with Welch’s correction) 
reveals no change in the surface:total ratio of the α1 subunit, but shows a significant 
decrease in the surface expression of the α2 subunit. *p<0.05. All data are expressed as 
the percent of WT and error bars represent the mean ± SEM. 
To examine these findings in more depth, I performed surface biotinylation experiments 

in WT and Gabra1-2 homozygous hippocampal slices. In order to better detect the 

relatively low levels of surface α2 subunit, these experiments were performed with the  

previously described pHlourin-α2 mice271—in which the α2 subunit is GFP-tagged—

crossed with Gabra1-2 animals. I found that the ratio of surface to total protein for α1 

was unchanged, while the surface:total ratio of the α2 subunit was reduced in mutants 

compared to controls, consistent with the observed decline in total α2 expression (Figure 
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3.3A-B). Taken together, these data indicate a change in the trafficking of α subunits in 

Gabra1-2 mutants: α2-containing GABAARs are displaced by α1-containing receptors 

accumulating in the plasma membrane.  

 

3.4 The Gabra1-2 mutation enhances the interaction between the α1 subunit and CB 
 

 It has previously been determined that the α2 ICD motif mediates a preferential 

interaction with CB in vitro.12 To confirm this finding in brain tissue, I performed co-

immunoprecipitation (co-IP) experiments on forebrain plasma membrane lysates derived 

from WT and Gabra1-2 mice. Total lysates were subjected to sequential centrifugation to  

purify PMs; a sample from each of the centrifugation steps was probed with markers for 

mitochondria and cytoplasm (heat shock proteins 60 and 90, HSP60/90, respectively), 

the secretory pathway (calreticulin, Calr), and the plasma membrane (e-cadherin, e-Cad)  

to ensure proper fractionation (Figure 3.4A). Lysates were incubated with magnetic 

beads that were cross-linked to an N-terminal α1 antibody. Bead-bound material was 

eluted from the beads and subjected to SDS-PAGE, followed by immunoblotting for 

either α1, CB, or GPN. α1 immunoblots displayed exceptional purification of the α1 

subunit from the total lysate and revealed reduced α1 in homozygous tissue, in both the 

input and the IP, consistent with our earlier results indicating reduced total α1 protein 

expression (Figure 3.4B-C). Total and immunoprecipitated CB levels, especially the 

higher molecular weight CB isoforms, were increased in the Gabra1-2 IP compared to 

WT, confirming my hypothesis that the α2 ICD motif does indeed mediate a preferential 



 66 

interaction with CB in vivo (Figure 3.4B-C). 

  

Figure 3.4 The Gabra1-2 mutation enhances the interaction between the chimeric 
α1 subunit and CB/GPN. (A) Representative immunoblots of samples taken from each 
stage of sequential centrifugation probed for markers for mitochondria (HSP60/90), the 
ER/Golgi apparatus (Calr), and the PM (e-Cad) to ensure proper fractionation. (B) 
Representative immunoblots showing co-IP levels of CB and GPN with the WT and 
Gabra1-2 α1 subunit. (C) Pooled quantification (n=4, unpaired t-tests with Welch’s 
correction) shows a significant reduction in the pull-down of the α1 subunit and 
significant increases in the pull-down of CB and GPN. Total protein expression data 
were normalized to GAPDH and IP expression data were normalized to total α1 subunit 
expression due to reduced total α1 expression in mutants. *p<0.01; **p<0.05; #p<0.005. 
Data are expressed as the percentage of WT and error bars represent mean ± SEM. Dr. 
Joshua Smalley performed immunoblots on sequential centrifugation lysates. 
3.5 The Gabra1-2 mutation enhances the interaction between the α1 subunit and GPN 
 

Contrary to my hypothesis, which predicted a specific preferential interaction between 

the chimeric α1 subunit and CB, GPN levels were also increased in the mutant IP 

compared to WT, denoting an enhanced interaction between GPN and the mutant α1 
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subunit (Figure 3.4B-C). Since it has previously been shown that GPN can bind both α 

subunit ICDs and CB 124,142,150, these co-IP data suggest that, via binding at the α2 ICD 

motif, GABAARs, CB, and GPN form a synergistic trimeric protein complex, in which 

strengthening the interaction between two of the protein partners augments the stability 

of the whole complex. 

Figure 3.5 The Gabra1-2 mutation 
causes the accumulation of 
mutant α1 subunits at synapses 
in the soma, dendrites, and AIS. 
(A) ICC analysis of the subcellular 
distribution of the GABAAR α1/2 
subunits in WT and homozygous 
DIV21 hippocampal neurons. 
Neurons were stained with 
antibodies against AIS markers 
(green) and either α1 (A, red) or α2 
(C, red). Insets show magnifications 
of representative AIS segments. 
White arrows indicate clusters of 
mutant α1 on the AIS. (B) Pooled 
quantification (n=3, N=30 
cells/genotype, unpaired t-tests) 
shows that in Gabra1-2 mutants α1 
puncta are denser and larger when 
compared to WT in all subcellular 
compartments examined. (D) Pooled 
quantification (n=3, N=30, unpaired 
t-tests) shows no change in the 
distribution or size of α2 puncta in 
Gabra1-2 neurons compared to WT. 
Scale bar=10 μm (low mag), 5 μm 
(AIS inset). *p<0.0001. Error bars 
represent mean ± SEM. 

 

3.6 The α2 ICD sequence is sufficient to target GABAARs to the AIS 
 

The Moss laboratory’s previous work has shown that the α2 ICD motif is necessary for 

the accumulation of GABAARs at axo-axonic synapses on the AIS.12 To determine if the 

α2 ICD motif is also sufficient for the formation of these compartment-specific synapses, 

I performed ICC on WT and Gabra1-2 homozygous DIV21 primary hippocampal 
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neurons. I employed ICC, rather than immunohistochemistry, to allow for superior 

resolution of subcellular compartments such as the AIS. Neurons were labelled with 

antibodies against AIS markers (pan-Na+ channels and Ankyrin G, together) and the N- 

terminus of either the GABAAR α1 or α2 subunit. Imaging revealed a marked phenotype: 

chimeric α1-GABAARs formed significantly larger and denser puncta on the AIS of 

Gabra1-2 pyramidal neurons, compared to WT (Figure 3.5A-B). Examination of the 

localization of α2- GABAARs showed no changes in the size or distribution of α2 positive 

puncta at the mutant pyramidal neuron AIS (Figure 3.5C-D). These results demonstrate 

that the α2 360-375 motif is indeed sufficient to target α1-GABAARs, which are not 

typically enriched at the AIS, to the AIS compartment of hippocampal pyramidal neurons, 

confirming my hypothesis. 

 

3.7 The α2 ICD motif is a synaptic targeting signal 
 

The Gabra1-2 mutation not only caused the accumulation of α1-GABAARs at the AIS, 

but also led to a significant increase in the number and size of synapses positive for the 

α1 subunit in the soma and dendritic compartments of mutant pyramidal neurons, with 

no effects on α2 size or distribution in the somatodendritic space (Figure 3.5A-D). These 

data indicate that the α2 360-375 motif does not only allow GABAARs to access and 

remain at the AIS, but also stabilizes receptors at synapses in the soma and dendrites, 

providing a potential mechanism for the previously described greater synaptic clustering 

of α2-GABAARs over α1-GABAARs.13 This interpretation is strengthened by data 

showing that the co-localization of α1 positive puncta and VGAT, as measured by the 

Pearson’s correlation coefficient, was significantly increased in Gabra1-2 pyramidal 

neurons compared to WT (Figure 3.6A-B).  
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Figure 3.6 The Gabra1-2 mutation enhances the synaptic clustering of mutant α1-
GABAARs. ICC analysis of the co-localization of inhibitory synapse components in WT 
and Gabra1-2 DIV21 primary hippocampal neurons by calculating the Pearson’s 
correlation coefficient (PCC or r). n=3, N=30 cells/genotype for all experiments, analysis 
via unpaired t-tests. (A) ICC analysis of the co-localization of α1 (red) and VGAT (blue). 
(B) Calculation of the PCC demonstrated an increase in the co-localization of the mutant 
α1 and VGAT in Gabra1-2 neurons. (C) Co-localization analysis of α1 (red) and GPN 
(green). (D) PCC calculation showed an increase in α1/GPN co-localization in mutant 
neurons. (E) Co-localization analysis of α2 (red) and VGAT (blue). (F) PCC calculation 
revealed no change in α2/VGAT co-localization in mutant compared to WT neurons. (G) 
Co-localization analysis of GPN (green) and VGAT (blue). (H) PCC calculation showed 
no effect of the Gabra1-2 mutation on GPN/VGAT co-localization. All insets are 
magnifications of representative neurites. Scale bar=10 μm (low mag), 5 μm (insets). 
*p<0.05. Error bars represent mean ± SEM. 
 

Furthermore, the co-localization of α1 positive puncta and GPN puncta was significantly 

increased in Gabra1-2 pyramidal neurons (Figure 3.6C-D). Importantly, the Gabra1-2 

mutation affected neither the co-localization of α2 and VGAT nor VGAT and GPN 

(Figure 3.6E-H). These data demonstrate a specific stabilization of α1-GABAARs at 
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pyramidal neuron inhibitory PSDs, perhaps due to the strengthened interaction between 

the mutant α1 subunit and the inhibitory synapse proteins GPN and CB. 

 

3.8 The Gabra1-2 mutation leads to an enhancement in interneuron inputs on the soma 

and dendrites of pyramidal neurons in the hippocampus 

 

To ensure that there were no changes in gross inhibitory synapse formation, neurons 

were labelled for AIS markers, GPN, and VGAT. Co-localization between GPN and 

VGAT puncta was not altered by the Gabra1-2 mutation (Figure 3.6G-H). However, 

further analysis revealed a significant increase in the density and size of VGAT puncta 

specifically in the soma and dendrites of Gabra1-2 pyramidal neuron, while VGAT 

distribution at the AIS was unaffected (Figure 3.7A-C). These data indicate that the 

Gabra1-2 mutation results in the creation of more presynaptic interneuron terminals 

contacting the soma and dendrites of pyramidal neurons, but not the AIS.  

 

3.9 The Gabra1-2 mutation causes a reorganization of the inhibitory PSD at the AIS 

 

Examination of GPN distribution revealed that GPN puncta at the AIS were significantly 

smaller and more numerous in Gabra1-2 pyramidal neurons than in WT controls, with no 

changes in GPN number or distribution in the soma and dendrites (Figure 3.8A-B). 
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Figure 3.7 The Gabra1-2 mutation increases the number and size of presynaptic 
VGAT+ inputs onto the somatodendritic compartments of cultured hippocampal 
pyramidal neurons. (A) ICC analysis of the subcellular distribution of VGAT puncta 
(blue) with the AIS labelled (green) in DIV21 WT and mutant primary hippocampal 
pyramidal neurons (n=3, N=30 cells/genotype, unpaired t-tests). (B) Pooled 
quantification of VGAT puncta density shows a significant increase in the number of 
VGAT puncta on the soma and dendrites of Gabra1-2 pyramidal neurons. (C) Pooled 
quantification of the size of VGAT puncta reveals a significant increase in the size of 
VGAT puncta on the soma and dendrites of Gabra1-2 hippocampal pyramidal neurons. 
Insets are magnifications of representative neurites. Scale bar=10 μm (low mag), 5 μm 
(insets). *p<0.05. Error bars represent mean ± SEM. 
 

The change in AIS GPN from the one or two large cartridges seen in WT neurons to 

small, numerous puncta in mutants suggests that enhanced stabilization of the chimeric 

α1-GABAARs at the axo-axonic synapses on AIS requires a reconfiguration of the 

inhibitory PSD structure specifically in the AIS compartment, suggesting that inhibitory 

synapses in different compartments may have specific PSD protein structures. Notably, 

there was no observed change in VGAT immunoreactivity at the AIS (Figure 3.7); thus, 

the postsynaptic GPN changes were not made in response to presynaptic alterations. 
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Figure 3.8 The Gabra1-2 mutation alters GPN distribution specifically at the AIS of 
cultured hippocampal pyramidal neurons. (A) ICC analysis of the subcellular 
distribution of GPN puncta (green) with the AIS labelled (red) in DIV21 WT and mutant 
primary hippocampal pyramidal neurons (n=3, N=30 cells/genotype, unpaired t-tests). 
Arrow indicates large GPN cluster typical on WT AIS segments (B) Pooled quantification 
of GPN puncta density shows a significant increase in the number of GPN puncta at the 
mutant AIS. (C) Pooled quantification of the size of GPN puncta reveals a significant 
decrease in the size of GPN puncta on the AIS of Gabra1-2 hippocampal pyramidal 
neurons. Insets are magnifications of representative neurites. Scale bar=10 μm (low 
mag), 5 μm (insets). *p<0.05. Error bars represent mean ± SEM. 
 
 
To investigate this phenomenon further, neurons were labelled with antibodies against 

AIS markers and CB. Unfortunately, CB staining produced a diffuse stain throughout the 

neuron, preventing the analysis of any changes in the subcellular distribution of CB in 

WT and Gabra1-2 pyramidal neurons (Figure 3.9). 
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Figure 3.9 Diffuse staining with an 
antibody against CB in WT and 
Gabra1-2 neurons. ICC staining with 
antibodies against CB (blue) and AIS 
markers (green) in WT and Gabra1-2 
DIV21 primary hippocampal pyramidal 
neurons. Insets are magnifications of 
representative AIS segments. Scale 
bar=10 μm (low mag), 5 μm (insets). 
 

 

 

 

 

3.10 The Gabra1-2 mutation enhances 

phasic inhibition in the Cornu Ammonis 1 (CA1) of the hippocampus 

 
My biochemical and immunostaining experiments revealed changes in the expression 

and clustering of mutant α1-containing GABAARs, creating larger, denser inhibitory 

synapses. To assess any effects these molecular alterations could have on inhibitory 

signaling, I collaborated with scientists with expertise in electrophysiological recordings 

to examine the kinetics of mini inhibitory postsynaptic currents (mIPSCs) in CA1 

pyramidal neurons (Figure 3.10A). The frequency of mIPSCs was not affected by the 

Gabra1-2 mutation, but mIPSC decay times were significantly decreased in Gabra1-2 

neurons compared to WT neurons (Figure 3.10B-C). While the average mIPSC 

amplitude was unchanged (Figure 3.10D), further analysis demonstrated that the 

Gabra1-2 mutation increased the proportion of high amplitude mIPSCs.  
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Figure 3.10 The kinetics of mIPSCs are altered in the CA1 of Gabra1-2 mice. (A) 
Representative mIPSC recordings from pyramidal neurons in the hippocampal CA1 of 
WT and Gabra1-2 ex vivo slices. (B) Quantification of mIPSC kinetics (n=6 
mice/genotype, unpaired t-tests) demonstrates that the Gabra1-2 mutation has no effect 
on mIPSC frequency, but (C) reveals a significant decrease in mISPC decay time in 
Gabra1-2 neurons. (D) Initial analysis of the mean mIPSC amplitude shows no effect of 
the mutation. However, fitting the data to Gaussian curves and creating mIPSC 
histograms for WT (E) and Gabra1-2 (F) mice reveals the existence of a fourth, high 
amplitude peak (Peak 4, blue, mean=80.7 pA) in mutants that does not exist in WT. Data 
(B-D) are expressed as mean ± SEM or (E-F) mean ± SEM amplitudes (pA) for each 
Gaussian component used to obtain optimal fits to the data. *p<0.05. mIPSC kinetics 
were recorded by Dr. Yihui Zhang and Gaussian analysis was performed by Dr. Paul 
Davies. 
 
 
Fitting these data to Gaussian curves showed that for WT mice the mIPSC amplitude 

distribution was best described by the sum of 3 Gaussian components, while in Gabra1-

2 mice the mIPSC amplitude distribution was best described as the sum of 4 Gaussian 
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components (Figure 3.10E-F). The first of these three Gaussian components were 

similar in amplitude to the WT components while the fourth was a high amplitude 

component that was exclusive to Gabra1-2 mutants. These data demonstrate that 

enhancing the size and density of α1 positive inhibitory synapses shifts mIPSC kinetics 

towards faster and larger events, promoting inhibitory neurotransmission.  

 

3.11 The Gabra1-2 mutation causes a specific increase in α band power at baseline 
 
 
Gabra1-2 pyramidal neurons exhibit changes in the distribution of specific GABAAR 

subtypes and presynaptic inputs, as well as enhanced GABAergic neurotransmission. 

Since inhibitory control of pyramidal neurons by interneurons is known to play a key role 

in the generation of cortical oscillations as measured by EEG,1,274,275 I examined baseline 

cortical EEG activity in WT and Gabra1-2 littermates. Cortical activity was recorded for at 

least 1 hour of wakefulness one week following EEG/EMG implantation. Representative 

spectrograms and FFT of 10 minutes of this awake, behaving EEG activity revealed 

changes in the power of specific frequency bands between WT and Gabra1-2 littermate 

controls (Figure 3.11A-B). To assess these changes in greater depth, I parsed the EEG 

activity into the following frequency bands: δ (1-4 Hz), θ (4-8 Hz), α (8-13 Hz), β (13-30 

Hz), low γ (30-50 Hz), and high γ (50-100 Hz). Comparison of the relative contribution of 

each of these bands to the total EEG power between WT and mutant animals revealed a 

significant elevation of power in the α frequency range in Gabra1-2 mice compared to 

WT (Figure 3.11C). 
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Figure 3.11 The Gabra1-2 mutation results in baseline abnormalities in cortical 
EEG recordings. (A) Representative spectrograms of WT and Gabra1-2 (n=9 
mice/genotype) EEG recordings without pharmacological manipulations. (B) Power 
spectral density (PSD) plot of 10 minutes of awake baseline EEG activity in WT and 
mutant mice. (C) Pooled quantification (unpaired t-tests) of the relative power of binned 
frequency bands demonstrated a significant elevation in the relative power of the α band 
(8-13 Hz) in Gabra1-2 mutants compared to WT littermate controls. *p<0.05. Error bars 
represent mean ± SEM. 
 

3.12 The Gabra1-2 mutation has no effect on motor behavior 
 

Given that the Gabra1-2 mutation affects phasic inhibition and even neuronal 

oscillations, I hypothesized that the mutation would also affect gross behavior. I first 

examined motor behavior; although no change in locomotion was anticipated, it is crucial 

to ensure that motor behavior is unaffected by a given mutation to be able to properly 

interpret other behavioral tests. Neither Gabra1-2 hetero- or homozygous animals 

showed a change in the latency to fall off the rotarod, a test of fine motor control (Figure 
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3.11A). In addition, gross motor behavior—as measured by total distance travelled in the 

OFT—was unchanged between wildtype littermate controls and Gabra1-2 mutants 

(Figure 3.11B). These data confirm that the Gabra1-2 mutation has no effect on motor 

behavior.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.12 The Gabra1-2 mutation does not affect motor behavior. Basic motor 
behavior was assessed in WT, heterozygous (Het), and homozygous (Homo) littermates 
(n=10 animals/genotype, analysis via one-way ANOVAs). (A) The average latency to fall 
off the rotarod cylinder was not changed by the Gabra1-2 mutation. (B) The average 
total distance traveled in the OFT was not changed by the Gabra1-2 mutation. Error bars 
represent mean ± SEM. 
 

3.13 The Gabra1-2 mutation leads to mild anxiolysis in a test of photophobia 
 

As Gabra2-1 mice displayed an anxiogenic phenotype,12 I hypothesized that Gabra1-2 

mutation, which generally causes an opposing phenotype to Gabra2-1 with regards to 

GABAAR distribution and the efficacy of phasic inhibition, would result in anxiolysis. 

Comparison of time spent in the peripheral and center zones of the OFT showed no 

difference between wildtypes and mutants (Figure 3.13A). Additionally, EPM testing of 

wildtype and Gabra1-2 mutants did not reveal any changes in the time spent in the open 

arms (Figure 3.13B); however, Gabra1-2 hetero- and homozygous animals spent 

significantly more time in the light zone of the L/D box test when compared to wildtype 
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littermates, in a dose-dependent manner (Figure 3.13C). These data are suggestive of a 

mild anxiolytic phenotype in male Gabra1-2 mice in response to one test of photophobia.  

 
 

 
 
 
Figure 3.13 Gabra1-2 mutant mice display a mild anxiolytic phenotype. Anxiety-like 
behavior was assessed in WT, Het, and Homo littermates (n=10 mice/genotype, analysis 
via one-way ANOVAs followed by Dunnett’s multiple comparisons tests). (A) The 
average percentage of time spent in the center zone of the OFT was not affected by the 
Gabra1-2 mutation. (B) The average percentage of time spent in the open arms of the 
EPM was unaffected by the Gabra1-2 mutation. (C) Both hetero- and homozygous 
Gabra1-2 mice spent more time in the light zone of the L/D box, indicating anxiolysis. 
*p<0.05; **p<0.02. Error bars represent mean ± SEM. 
 

3.14 The Gabra1-2 mutation does not alter PPI 
 

Sensorimotor gating, as measured by PPI, is influenced by neuronal oscillations, some 

of which are altered in Gabra1-2 animals.276 To determine if these changes impact 

sensorimotor gating, I performed 

PPI testing in wildtype and Gabra1-

2 homozygous animals. 

Figure 3.14 The Gabra1-2 
mutation has no effect on 
sensorimotor gating. WT and 
Gabra1-2 homozygous littermates 
were tested with PPI to measure 
sensorimotor gating. There were 
no differences in prepulse inhibition 
between WT and mutant animals 
at any prepulse intensity level. 
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N=10 animals/genotype, analysis via two-way ANOVA. Error bars represent mean ± 
SEM. 
 

 Data from these tests showed no difference in PPI between wildtype and mutant 

animals, likely because only baseline α oscillations, not the γ oscillations most implicated 

in sensorimotor gating, are changed by the Gabra1-2 mutation.276 

 
3.15 Gabra1-2 mice are resistant to kainate-induced seizures 
 
ICC experiments demonstrated an augmented accumulation of GABAARs at axo-axonic 

and somatodendritic synapses of Gabra1-2 pyramidal neurons, as well as an increase in 

the number the presynaptic inputs onto these neurons, suggesting that inhibitory 

interneurons could have greater inhibitory control of pyramidal cells in Gabra1-2 circuitry. 

In addition, electrophysiological experimentation showed that inhibitory 

neurotransmission is changed in Gabra1-2 mice. To determine if these molecular and  

physiological changes affect seizure susceptibility, known to be dependent to some 

extent on inhibitory control of excitation,3 we employed the kainate-induced seizure 

model. The chemoconvulsant kainate (KA, 20 mg/kg, i.p.) was administered to WT and 

Gabra1-2 adult male littermates that had been previously implanted with cortical 

EEG/EMG monitors (Figure 3.15A). Employing the resulting EEG/EMG data to 

determine both the onset of epileptic activity and status epilepticus (SE), I found that 

homozygous animals experienced their first tonic-clonic seizure significantly later than 

WT littermate controls (Figure 3.15B). In addition, the latency to entering SE was longer 

in Gabra1-2 mice (Figure 3.15C). Mutant animals also displayed resilience to SE-

induced mortality: no homozygous animals died in the two hours following KA injection, 

while about 40% of WT mice died during the course of the experiment, following entry 

into SE (Figure 3.15D).  
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Figure 3.15 Gabra1-2 mutant animals demonstrate resistance to kainate-induced 
seizures. (A) Representative spectrograms from WT (top) and Gabra1-2 homozygous 
(bottom) littermates injected with 20 mg/kg of KA (n=9 mice/genotype). The beginning of 
the trace represents 30 seconds after time of injection. (B) The onset of the first tonic-
clonic seizure is delayed in Gabra1-2 mutants compared to WT (unpaired t-test with 
Welch’s correction). (C) The onset of SE is delayed in mutant animals compared to WT 
(unpaired t-test with Welch’s correction). Data from (B-C) is displayed as the percentage 
of WT. (D) KA-induced mortality was reduced in Gabra1-2 mice compared to WT 
littermates (Mantel-Cox test). The survival curve displays the percentage of mortality of 
WT and mutant animals at the corresponding time post KA injection. *p<0.05. Error bars 
represent mean ± SEM. 
 
 

3.16 The Gabra1-2 mutation blunts the SE-induced increase in the power of 

γ oscillations 

 

To further probe the nature of epileptic activity in Gabra1-2 animals, I performed FFT on 

EEG recordings of SE and parsed this activity into the specific frequency bands outlined 

above. This analysis revealed that Gabra1-2 mice displayed a specific reduction in the 

relative power of the high γ band (50-100 Hz) during SE (Figure 3.16).  
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Figure 3.16 Blunting of high γ power during SE in Gabra1-2 mice. (A) PSD plot of 
the first hour of EEG activity after KA injection in WT and Gabra1-2 littermates (n=9 
mice/genotype). (B) Pooled quantification of the relative power of binned frequency 
bands of 5 minutes of SE activity revealed a specific decrease in the relative power of 
the high γ band (50-100 Hz) in Gabra1-2 mutants (unpaired t-tests). *p<0.05. Error bars 
represent mean ± SEM. 
 
Taken together, these data show that the molecular and physiological changes caused 

by the Gabra1-2 mutation afford resilience to chemogenic seizures, perhaps by blunting 

high γ power during KA-induced SE. 

 

3.17 The Gabra1-2 mutation is sufficient to rescue the Gabra2-1 lethal seizure 

phenotype 

 
Gabra2-1 mice possess a chimeric α2 subunit in which residues 360-375 from the α1 

subunit replace the homologous α2 ICD motif. This mutation leads to a loss of inhibitory 

synapses axo-axonic synapses, and both heterozygous and homozygous Gabra2-1 

pups display early mortality, with death peaking at post-natal day 20 (PND20), likely due 

to spontaneous seizure activity.12 To determine if the Gabra1-2 mutation can rescue the 
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Gabra2-1 early mortality phenotype, homozygous Gabra1-2 mice were bred with 

homozygous Gabra2-1 mice.  

Figure 3.17 The Gabra1-2 mutation 
rescues the Gabra2-1 lethal seizure 
phenotype. (A) Genotyping for a 
Gabra1-2 homozygous (+/+) positive 
control, a Gabra2-1 homozygous (+/+) 
positive control, and two Gabra1-
2/Gabra2-1 double heterozygous (+/-) 
animals. Primers to detect the α1-2 
and α2-1 mutations were used on both 
double heterozygous samples. (B) The 
Gabra1-2 mutation rescues the lethal 
seizure phenotype and early mortality 
in Gabra2-1 heterozygous animals. 
Data is shown as the percentage of 
Gabra2-1 homozygous and double 
heterozygous animals alive at a given 
time after birth (n=20 mice/genotype). 
 
 
 
 

The resulting offspring were genotyped by PCR with primers that detected both the α1 

and α2 insertions and were confirmed to be heterozygous for both mutations (Figure 

3.17A). Gabra2-1 heterozygous pups and Gabra1-2/Gabra2-1 double heterozygous 

pups were monitored every day after birth until PND40. 100% of the double 

heterozygous pups survived to PND40, compared to only 61% of the Gabra2-1 

heterozygous animals (Figure 3.17B), demonstrating that the Gabra1-2 mutation and 

subsequent molecular and physiological phenotypes can rescue early mortality in 

Gabra2-1 animals, most likely by replacing the lost α2 positive axo-axonic synapses with 

those containing the chimeric α1-GABAAR. 
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Chapter 4: Discussion 
 

GABAergic neurotransmission, especially that at inhibitory synapses at the AIS, allows 

for the control of pyramidal cell AP firing by interneurons, a process that is critical for the 

generation of network oscillations and for the maintenance of proper cognition and 

behavior. Inhibitory neurotransmission in turn depends on tightly controlled trafficking of 

GABAARs to the plasma membrane and the precise stabilization of GABAAR subtypes at 

specific inhibitory PSDs.  The mechanism by which neurons achieve this subtype 

specific inhibitory synaptogenesis, particularly at axo-axonic synapses on the AIS, 

remains unclear. Recent evidence from the Moss laboratory suggests that the inhibitory 

scaffolding protein CB may play a key role in selectively stabilizing GABAAR subtypes at 

certain synapses via preferential interactions with the ICD of α subunits.12 In the course 

of the thesis work presented here, I have provided the first evidence that (1) amino acids 

360-375 of the α2 subunit ICD mediate a preferential interaction CB in brain tissue and, 

(2) the presence of the α2 ICD motif is sufficient to stabilize GABAARs at axo-axonic 

synapses on the AIS of hippocampal pyramidal neurons. Furthermore, I have shown that 

the α2 ICD motif may be an inhibitory synaptic targeting signal, anchoring receptors at 

the inhibitory PSD via relatively strong interactions with members of the inhibitory 

synaptic scaffold. I have demonstrated that enhancing the accumulation of α1-GABAARs 

at synapses where they normally would not be found strengthens phasic 

neurotransmission and alters baseline network oscillations. These changes were 

sufficient to produce anxiolysis and ameliorate the severity of chemically induced 

seizures, even rescuing the lethal seizure phenotype exhibited in Gabra2-1 mice. 
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4.1 The effects of the Gabra1-2 mutation on inhibitory synapse protein expression 

 

The Gabra1-2 mutation induced several alterations in the total hippocampal expression 

of proteins associated with the inhibitory synapse. First and foremost, total expression of 

the GABAAR α1 subunit was significantly decreased in homozygous animals compared 

to WT, and the total expression of the GABAAR α2 subunit also trended towards a 

decrease. To further probe these data, I performed biotinylation experiments to assess 

PM expression of these two subunits and found in Gabra1-2 mutants a decrease in the 

surface:total ratio of the α2 subunit specifically, with no change in α1 surface 

expression. These data suggest that chimeric α1-GABAARs may be displacing α2-

GABAARs at the PM. The data indicating a depression in total α1 and α2 expression was 

obtained from crude hippocampal lysates, which contain the large intracellular pool of α 

subunits. Thus, the reduction in the total expression of α subunits may reflect a 

compensatory reduction in the intracellular pool in response to additional plasma 

membrane accumulation of α1-GABAARs. 

In addition, total expression of CB was significantly elevated in homozygotes, 

likely due to the increased presence of the α2 ICD motif induced by the mutation. I have 

shown that this motif mediates a preferential interaction with CB; thus, the cell may 

increase production of CB in response to increased expression of the α2 ICD motif. The 

increased CB expression might also reflect greater CB stability, due to its enhanced 

interaction with the chimeric GABAAR subtype present in mutants. Furthermore, while 

total levels of GPN and synapsin remained unchanged in homozygous animals, the total 

expression of VGAT was significantly decreased in Gabra1-2 mutants compared to WTs. 

As VGAT is the protein responsible for loading GABA into presynaptic vesicles, these 

data indicated some sort of presynaptic change in response to the Gabra1-2 mutation. 
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mIPSC data revealed an enhancement of phasic inhibition due to the accumulation of 

α1-GABAARs at the synapse—the decrease in VGAT, perhaps reflecting a reduced 

number of vesicles in the GABAergic presynaptic terminal, may be a neuronal response 

to compensate for these postsynaptic changes and maintain homeostasis.  

 

4.2 CB, GPN, and the α2 ICD motif: a tripartite complex 

 

Data from my co-immunoprecipitation experiments supported my initial hypothesis, 

supported by in vitro isothermal titration calorimetry,12 that the α2 ICD motif mediates a 

preferential interaction with CB in vivo: the mutant GABAAR α1-2 subunit pulled down a 

greater level of CB than the WT GABAAR α1 subunit in brain tissue. Unexpectedly, given 

that recent in vitro data showed a relatively low affinity interaction between the α2 ICD 

motif and GPN,12 the chimeric α1-GABAAR also co-immunoprecipitated with greater 

levels of GPN than the WT α1-GABAAR, indicating that the Gabra1-2 mutation also 

enhances the interaction between GABAARs and GPN. The Moss laboratory has shown 

that α2-GABAARs cluster at synapses in association with GPN.13 In addition, previous 

work in Y2H systems suggested that CB, GPN, and the α2 subunit could form a trimeric 

complex, as interactions between CB/α2 and GPN/α2 were potentiated with the addition 

of GPN and CB, respectively.92 My results support the idea of a tripartite complex 

composed of GPN, CB and the α2 subunit, in which the proteins interact synergistically: 

strengthening the interaction between two of the complex’s members, such as CB and 

the α2 subunit, stabilizes the entire trimer. Binding of a GABAAR α subunit to CB’s SH3 

domain via the α2 ICD motif might, as previously hypothesized,92 relieve SH3-mediated 

inactivation, enhancing the interaction between CB and a subunit-bound GPN, leading to 



 86 

a super-stable trimer in the synaptic submembraneous space that acts to anchor the 

GABAAR partner at the inhibitory PSD.  

These data reveal a novel mechanism by which neurons can tightly regulate the 

stabilization of certain GABAAR subtypes at specific synapses. GABAARs are subject to 

many layers of regulation and control throughout their relatively short life cycle, from the 

types of subunit combinations that are permitted to exit the ER to the post-translational 

modifications that promote or prevent endocytosis from the plasma membrane.86 This 

precise regulation presumably allows neurons to rapidly and adequately respond to 

changes in network activity, maintaining the inhibitory control of excitation that results in 

network oscillations and information processing, as well as the prevention of pathological 

excitation. The subtype-specific stabilization of GABAARs at certain synapses represents 

one such layer of regulation: neurons must be able to selectively promote or inhibit the 

anchoring of GABAAR subtypes. Manipulating the post-synaptic scaffolding proteins, 

each of which may have differing affinities for different GABAAR subunits, present at a 

given synapse represents a potential strategy for anchoring certain GABAAR types at 

certain synapses and not others. In the case of α2-GABAARs, the presence of CB at a 

synapse, in addition to GPN, may allow for the precise stabilization of this GABAAR 

subtype at specific synapses, including the α2-enriched axo-axonic synapses. 

 

4.3 The α2 ICD motif is sufficient to target GABAARs to the AIS 

 

Chimeric α1-GABAARs containing the α2 ICD motif accumulate at synapses in the AIS 

of mutant hippocampal pyramidal neurons, where WT α1-GABAARs are not normally 

enriched. These data confirm my hypothesis that the α2 ICD motif is sufficient to target 

its GABAAR to axo-axonic synapses at the AIS. The AIS is known to act as a diffusion 
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barrier, maintaining neuronal polarity and only allowing the appropriate proteins to enter 

the AIS compartment.277,278 α1-GABAARs do appear to be able to enter the AIS: I found 

that even WT pyramidal neurons had α1 positive inhibitory synapses on their AIS, albeit 

at much lower levels than α2 positive synapses. Thus, it would appear that lack of an α2 

ICD motif does not completely bar entry into the AIS compartment. Instead, I propose 

that GABAARs, after insertion into the extrasynaptic PM and lateral diffusion, enter the 

AIS, and those receptors that contain an α2 ICD motif and are able to preferentially bind 

CB and form a super-stable trimeric complex with CB and GPN do so with CB and GPN 

present at the AIS, anchoring the receptor at axo-axonic synapses. Those GABAARs 

that do not contain an α2 ICD motif cannot effectively bind CB, do not become part of 

the stabilizing trimeric complex, and either diffuse out of the AIS or are internalized. My 

data thus explain the relatively high mobility of α1-GABAARs at AIS in comparison to α2-

GABAARs in the same compartment230 and suggest that only GABAARs containing an α2 

ICD motif—in WT neurons, only α2-GABAARs, but in Gabra1-2 neurons, α2-GABAARs 

and chimeric α1-GABAARs, are found at high levels at AIS synapses. 

 Other proteins that make up the AIS protein scaffold, particularly ankG and βIV-

spectrin, may also play a role in the selective stabilization of GABAARs at the AIS, given 

their importance in stabilizing integral AIS proteins in the AIS compartment.277 The giant 

ankG isoform has been shown to promote the stability of GABAARs in the 

somatodendritic compartment by opposing endocytosis  via an interaction with 

GABARAP.279 The giant ankG isoform is highly enriched at the AIS,151,159 where it could 

also oppose GABAAR endocytosis. However, I hypothesize that the α2 ICD motif also 

mediates a preferential interaction with ankG and possibly βIV-spectrin, a hypothesis 

that should be tested in the future with a combination of co-immunoprecipitation and ICC 

experiments comparing WT and Gabra1-2 neurons. 
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4.4 The α2 ICD motif as an inhibitory synapse targeting motif 

 

My initial hypothesis predicted that the α2 ICD motif would increase chimeric α1-

GABAAR expression only at the AIS; however, the data gathered in the course of ICC 

experiments comparing WT and Gabra1-2 hippocampal pyramidal neurons revealed an 

enhanced accumulation of chimeric α1-GABAARs at synapses in both the soma and 

dendrites, as well as the AIS. In addition, I found that chimeric α1-GABAARs 

demonstrated increased co-localization with VGAT (a presynaptic marker) and GPN (a 

postsynaptic marker), indicating that Gabra1-2 α1-GABAARs show increased synaptic 

clustering compared to WT α1-GABAARs. Interestingly, in WT neurons α2-GABAARs 

exhibit more synaptic clustering than α1-GABAARs,124 suggesting that the Gabra1-2 

mutation induces an ‘α2-like’ pattern of subcellular distribution in α1-GABAARs. Thus, 

the α2 ICD motif appears to serve as a general signal for synaptic clustering. It seems 

likely that this motif interacts with CB at the subset of somatodendritic inhibitory 

synapses where CB is present, again leading to the formation of the super-stable 

trimeric complex of CB, GPN, and the α2 subunit that reduces the lateral mobility of the 

GABAAR component and anchors the receptor at the inhibitory PSD.  

Because CB appears to only be present at a subset of inhibitory synapses, 

depending on anatomical area and cell type,135,136,229 the possibility that the α2 ICD motif 

also preferentially interacts with other inhibitory synaptic proteins, some of which could 

be currently unknown, should be explored. A shotgun proteomics approach, in which 

mass spectrometry is performed on immunoprecipitated WT and either Gabra1-2 and 

Gabra2-1 α1-GABAARs or α2-GABAARs, respectively, would allow for the comparison of 

the interactome between WT and mutant receptors. These experiments could potentially 

identify novel interactors of the α2 ICD motif and determine if the Gabra1-2 mutation 
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leads to a shift in the α1-GABAAR interactome towards an α2-like pattern. Candidate 

interactors could then be further examined with a variety of approaches, from isothermal 

titration calorimetry to ICC, to elucidate their importance to inhibitory synapse formation. 

Taken together, the biochemical data presented in the above experiments have 

deep implications for our understanding of the regulation of the GABAergic system. Past 

experiments have suggested that synaptic neurotransmitters, including GABA, saturate 

their postsynaptic receptors.280 Thus, the functional strength of inhibitory synapses is 

dependent on the number of GABAARs present at the synapse.281,282 Proper GABAergic 

signaling is necessary for normal brain function, such as the production of network 

oscillations.2 Indeed, even small changes in the amount of postsynaptic GABAARs lead 

to pathological behavioral changes.283,284 Therefore, understanding how neurons tune 

GABAergic neurotransmission by controlling receptor accumulation at synapses is 

essential for understanding both typical and atypical brain function.  

The Gabra1-2 mouse is a unique tool that allows us to probe the molecular 

interactions between GABAAR subtypes and proteins present in the inhibitory synaptic 

scaffold. As previously mentioned, these interactions, which are specific to a given 

postsynaptic protein and GABAAR subtype, constitute an important layer of GABAAR 

regulation. Using the Gabra1-2 mouse as I have done in the current studies provides an 

opportunity to determine, at least in part, which protein-protein interactions matter for the 

stabilization of GABAAR subtypes and where these interactions occur. Indeed, my 

biochemical work has uncovered a possible mechanism for the synaptic clustering 

patterns of α2-GABAARs, dependent on interactions between the ICD of the α2 subunit 

and a postsynaptic protein present at a subset of synapses. This information alone could 

aid in developing new treatments for neurological disorders that result from abnormal 

GABAergic signaling by providing novel druggable targets in the form of GABAAR 
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interacting proteins. However, the Gabra1-2 mouse also provides an opportunity to 

examine the consequences of manipulating GABAAR subtype distribution by enhancing 

the synaptic clustering of α1-GABAARs on inhibitory neurotransmission and some of its 

functional outcomes: control of excitation leading to network oscillations and the 

prevention of pathological excitability. These data would show whether altering the 

synaptic distribution of GABAARs represents a viable strategy for rescuing pathological 

GABAergic function. 

 

4.5 Physiological consequences of the Gabra1-2 mutation 

 

My biochemical and ICC experiments revealed changes in the expression and clustering 

of chimeric α1-GABAARs, leading to larger and denser α1 positive inhibitory synapses in 

the soma, dendrites, and AIS compartments. As mentioned above, this accumulation at 

inhibitory PSDs could influence the efficacy of phasic inhibition. In addition, given that 

the α subunit composition of the GABAAR determines the receptor’s pharmacological 

and physiological properties, the shift towards the α1-GABAAR subtype at the synapse 

could also alter the type of inhibitory synaptic signaling found in Gabra1-2 mice. Whole-

cell patch clamp recordings from WT and mutant CA1 pyramidal neurons in the 

presence of TTX did indeed show shifts in inhibitory neurotransmission, as measured by 

mIPSC kinetics. The frequency of mIPSC was unchanged, suggesting that presynaptic 

release of GABA is not altered in Gabra1-2 neurons. However, mIPSC decay times were 

significantly decreased compared to WT controls, consistent with previous research 

showing that the α subunit determines the decay of GABAergic currents.6 These data 

likely reflect an alteration in the subtype of GABAARs found at the synaptic PM—the 

aforementioned accumulation of chimeric α1-GABAARs in mutant pyramidal neurons. In 
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addition, while the average amplitude of mIPSCs was unaffected in mutant neurons 

compared to WT, fitting these data to Gaussian curves revealed that the Gabra1-2 

mutation actually increased the proportion of high amplitude mIPSCs, probably due to 

the formation of large, super-stable α1 positive inhibitory synapses in Gabra1-2 

pyramidal neurons that mediate larger inhibitory currents. Taken together, these data 

confirm that increasing the amount of GABAARs at the hippocampal pyramidal neuron 

synapse enhances phasic inhibition, and further shows that altering the proportions of 

different subtypes of GABAARs found at such synapses can indeed lead to changes in 

the kinetics of the inhibitory currents. These small changes at the level of the mIPSC 

could have consequences on a larger scale by altering the inhibitory control of both 

excitatory and other inhibitory neurons, perhaps leading to changes in network activity. 

 

4.6 Specific enhancement of α band oscillations caused by the Gabra1-2 mutation may 

reflect changes in inhibitory interneurons 

 

Interestingly, my data do demonstrate that these alterations in GABAergic 

neurotransmission are sufficient to perturb network activity, as measured by baseline 

EEG recordings: the EEGs of awake, behaving Gabra1-2 mice show a specific increase 

in the power of the α band compared to WT littermates. Previous research indicates that 

the α frequency band is associated with behavioral inhibition, a cognitive process that 

underpins a variety of important tasks, such as attention and working memory.285 

Furthermore, BZ sedation leads to a decrease in α power.286 I predict that Gabra1-2 

mice may exhibit enhanced behavioral inhibition, as measured by the Go/No-Go task,287 

and may be resistant to the sedative effects of BZs. Future research should test these 
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hypotheses to determine if changes in a band power do lead to changes in animal 

behavior. 

But how do molecular changes in the types of GABAARs at the synapse result in 

such system-wide effects? Inhibitory interneurons are thought to be responsible for 

shaping neuronal oscillations—including the α band—and it seems likely that the 

constitutive Gabra1-2 mutation would not only affect pyramidal neurons, but also 

interneurons.2,288 Indeed, the increase in VGAT protein expression seen in Gabra1-2 

hippocampal tissue suggests some kind of molecular change in the loading of GABA into 

vesicles at interneuronal presynaptic terminals.  

In addition, the observed increase in VGAT positive presynaptic inputs onto the 

soma and dendrites of pyramidal neurons in Gabra1-2 hippocampal cultures might 

indicate not only a general increase in interneuronal inhibition, but also a change in the 

types of interneurons making synapses onto pyramidal neurons; after all, different 

interneuron types synapse onto different pyramidal neuron compartments.289–292 For 

instance, the axons of fast-spiking basket cells make synaptic contacts on the soma and 

proximal dendrites of pyramidal neurons, while neurogliaform and Ivy cells tend to form 

synapses on distal dendrites and dendritic spines.245,292–294 As previously described, 

ChCs exclusively synapse onto the AIS of pyramidal neurons.55 Importantly, synapses in 

these different compartments appear to produce inhibitory currents with different 

physiological properties.292,295 Thus, a compartment-specific change in interneuron 

input—as seen the somatodendritic compartments of Gabra1-2 pyramidal neurons—

could reflect alterations in the type of inhibition taking place, which would likely affect the 

interplay between interneurons and pyramidal cells within neuronal circuits, resulting in 

changes in network synchrony. 

The origin of both the increase in VGAT expression and the compartment-

specific changes in interneuron contacts is not possible to ascertain without further 
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experimentation. The Gabra1-2 mutation could directly affect interneurons, or the 

mutation-induced changes in pyramidal neurons could, through trans-synaptic 

communication, alter interneuronal inhibition. Of course, both of these hypotheses could 

be true at once. To better elucidate the effects of the Gabra1-2 mutation on 

interneurons, I would perform ICC experiments similar to the ones detailed in my thesis 

on specific interneuron types, as identified by their molecular markers (i.e. parvalbumin, 

neuropeptide Y, etc.) to examine changes in compartment-specific GABAAR clustering at 

synapses. Immunohistochemical experiments would also be useful in determining if the 

types of interneurons innervating pyramidal cells did indeed change in the mutant 

hippocampus. Finally, pursuing a genetic strategy to specifically knock the Gabra1-2 

mutation into interneuron types would allow for more precise readouts of the functional 

consequences of the Gabra1-2 mutation in interneurons. 

 

4.7 Behavioral consequences of the Gabra1-2 mutation 

 

Given that the Gabra1-2 mutation leads to profound changes in the synaptic 

accumulation and subcellular distribution of α1-GABAARs, resulting in enhanced 

GABAergic neurotransmission and altered network output, it seems likely that this 

mutation could also result in behavioral changes. Indeed, the Gabra2-1 mutation, in 

which the α2 ICD motif is replaced by the homologous sequence of the α1 subunit, 

leading to loss of axo-axonic synapses and reduced phasic inhibition, causes an 

anxiogenic phenotype.12 Based on these data, I hypothesized that the Gabra1-2 

mutation would result in an anxiolytic phenotype. The OFT and EPM test showed no 

effect of genotype on anxiety; however, anxiety-like behavior, as measured by the LD 

box test, was ameliorated in Gabra1-2 hetero- and homozygous animals compared to 
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WT littermate controls. These results are suggestive of a very mild reduction in anxiety in 

a test of only one type of anxiety: avoidant photophobia. To further explore anxiety-like 

behavior in Gabra1-2 animals, behavioral tests examining other types of anxiety, such 

as social anxiety and neophobia, as measured by the social interaction test and the 

novel object test, respectively.296,297  

A pharmacological approach might also be revealing as a test of the sensitivity of 

Gabra1-2 mice to the anxiolytic effects of BZs. Previous work has established that the 

α2 subunit appears to be responsible for the anxiolytic effects of these drugs, although 

the underlying reason for this phenomenon remains unclear.7,52 If the subcellular 

localization of α2-GABAARs even partly underpins α2 subunit dependent BZ anxiolysis, 

Gabra1-2 mice, which display an accumulation of chimeric α1-GABAARs in an ‘α2-like’ 

pattern, may show increased sensitivity to the anxiolytic effects of BZs. This hypothesis 

could be easily tested by pretreating WT and mutant mice with a sub-sedative dose of a 

BZ such as diazepam and subsequently running these animals through any behavioral 

anxiety test. In addition, use of the α1-GABAAR specific BZ zolpidem, which generally 

leads to profound sedation without anxiolysis,298 in Gabra1-2 mice might result in a 

reduction in anxiety-like behavior, reflecting the increased presence of α1-GABAARs in 

α2-enriched spaces. The data yielded by these experiments would improve the scientific 

community’s understanding of the biological origins of subtype-specific BZ effects and 

may even aid in the development of novel pharmacological treatments for anxiety that do 

not also cause unwanted side effects in patients. 

 Finally, since I found that the Gabra1-2 mutation leads to changes in cortical 

oscillations, I hypothesized that PPI—a behavior dependent on proper network 

oscillations—would be changed in Gabra1-2 mice. However, PPI testing showed that 

sensorimotor gating was not affected by the Gabra1-2 mutation. PPI is primarily 
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associated with oscillations in the γ frequency,276 which are unchanged at baseline in 

Gabra1-2 mice; as discussed above, behavioral tests known to be associated with α 

band oscillations, such as the Go/No-Go task,287 should be employed to assess the 

potential effects of Gabra1-2-induced changes in network oscillations on behavior. 

 

4.8 The Gabra1-2 mutation results in seizure resilience 

 

Perhaps the most important functional consequence of the Gabra1-2 mutation, at least 

form the perspective of disease treatment, is the resistance of Gabra1-2 mice to KA-

induced seizures. Compared to their WT littermates, these mutant animals have a longer 

latency to both their first tonic-clonic seizure and entry into SE and also display 

decreased KA-induced mortality. While the mechanisms of ictogenesis are not fully 

elucidated, inhibitory control of excitation is an important contributing factor.3 As 

previously described, I have found that the Gabra1-2 mutation enhances phasic 

inhibitory neurotransmission, perhaps also improving the inhibitory control of pyramidal 

cell excitability and allowing interneurons to better prevent the spread of pathological 

excitation.  

 Intriguingly, network activity during SE is also altered in Gabra1-2 mice: 

compared to WT littermates, Gabra1-2 mice exhibit decreased high γ band power during 

SE, perhaps reflecting a blunting of the increase in γ band power normally observed 

during SE in rodents.299 Again, interneurons shape neuronal oscillations, including the γ 

band, by synchronizing large networks of pyramidal cells.2,238,275 Interneurons have also 

been found to undergo morphological and functional changes in animal models of 

epilepsy and in human brain tissue from epilepsy patients.266,300 The Gabra1-2 mutation, 

as previously noted, likely also affects interneurons, and may prevent KA-induced 
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aberrant interneuron activity, thereby allowing these interneurons to properly control 

pyramidal cell networks even under circumstances of extreme hyperexcitability, 

preventing the spread of pathological excitation and ameliorating SE severity. 

Interestingly, a previously described transgenic mouse from the Moss laboratory, the 

T906A/T1007A mutant mouse, also exhibits a blunting of γ power during KA-induced SE 

and improved SE survival in a manner very similar to the Gabra1-2 mouse.272 The 

T906/T1007A genetic manipulation is a KCC2 phosphomutant that potentiates KCC2 

activity and enhances GABAergic inhibition.272 These data, taken together with my data 

from the Gabra1-2 mouse, suggests a possible common pathway underpinned by 

different molecular mechanisms for reducing SE severity—the blunting of SE-induced γ 

power—and thus provides a potential new avenue for pharmacological epilepsy 

treatments. 

 The Gabra1-2 mutation also promotes seizure resilience in a genetic model of 

epilepsy: the Gabra2-1 mouse. As previously described, the Gabra2-1 mutation involves 

the replacing of the α2 ICD motif with the homologous sequence of the α1 subunit, 

leading to a loss of inhibitory synapses at the AIS, likely due to altered intracellular 

protein-protein interactions preventing the stabilization of the chimeric α2-GABAARs at 

the AIS.12 Gabra2-1 hetero- and homozygous animals also experience spontaneous 

seizures in the early postnatal period, resulting in early mortality for both genotypes 

around PND20.12 The Gabra2-1 mutation thus recapitulates the effects of many 

ictogenic mutation in the human CB gene.12 I have shown that crossing homozygous 

Gabra1-2 mice with homozygous Gabra2-1 mice to produce double heterozygotes 

results in the rescue of the early mortality phenotype of Gabra2-1 animals, likely by 

preventing spontaneous seizures. The presence of the Gabra1-2 mutation in the double 

heterozygotes may restore inhibitory synapses at the AIS, compensating for the loss of 
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α2-mediated signaling in Gabra2-1 mice and allowing interneurons to control 

pathological excitation. This rescue effect suggests that manipulating the distribution of 

GABAARs by targeting the CB/GPN/GABAAR complex could provide a novel avenue of 

research for treatment of CB-associated epileptic disorders. Future work should employ 

immunostaining and physiological techniques to determine if the Gabra1-2 mutation 

does indeed restore inhibition at the AIS of double heterozygotes, and should use EEG 

recording to examine if the Gabra1-2 mutation can also rescue the increased 

susceptibility to KA-induced seizures found in Gabra2-1 mice.12 

 Overall, the functional consequences of the Gabra1-2 mutation seem to include 

improved inhibitory control of pathological excitation as well as baseline changes in 

network activity. These data show that manipulating the type of GABAAR present at 

certain synapses—in this case, augmenting the accumulation of α1-GABAARs in an ‘α2-

like’ manner—can lead to large-scale changes in brain function and can even rescue 

deficits in inhibitory signaling, as shown by the rescue of the Gabra2-1 lethal seizure 

phenotype. Future research into the etiology of and treatments for epileptic disorders 

should take the significance of specific GABAAR subtype distribution into account. For 

instance, developing drugs that can specifically enhance the accumulation of certain 

GABAAR subtypes, either by targeting the receptor itself or its postsynaptic interactors, 

may represent a viable avenue for epilepsy treatment.  

 

 

 

 

 

 



 98 

Chapter 5: Bibliography 
 

1. Roux, L. & Buzsaki, G. Tasks for inhibitory interneurons in intact brain circuits. 
Neuropharmacology 88, 10–23 (2015). 

2. Klausberger, T. & Somogyi, P. Neuronal diversity and temporal dynamics: the 
unity of hippocampal circuit operations. Science 321, 53–57 (2008). 

3. Fritschy, J.-M. Epilepsy, E/I Balance and GABA(A) Receptor Plasticity. Front. Mol. 
Neurosci. 1, 5 (2008). 

4. Olsen, R. W. & Sieghart, W. International Union of Pharmacology. LXX. Subtypes 
of gamma-aminobutyric acid(A)  receptors: classification on the basis of subunit 
composition, pharmacology, and function. Update. Pharmacol. Rev. 60, 243–260 
(2008). 

5. Sigel, E. & Steinmann, M. E. Structure, function, and modulation of GABA(A) 
receptors. J. Biol. Chem. 287, 40224–40231 (2012). 

6. Goldstein, P. A. et al. Prolongation of hippocampal miniature inhibitory 
postsynaptic currents in mice lacking the GABA(A) receptor alpha1 subunit. J. 
Neurophysiol. 88, 3208–3217 (2002). 

7. Rudolph, U. et al. Benzodiazepine actions mediated by specific gamma-
aminobutyric acid(A) receptor subtypes. Nature 401, 796–800 (1999). 

8. Klausberger, T., Roberts, J. D. B. & Somogyi, P. Cell Type- and Input-Specific 
Differences in the Number and Subtypes of Synaptic 
GABA&lt;sub&gt;A&lt;/sub&gt; Receptors in the Hippocampus. J. Neurosci. 22, 
2513 LP-2521 (2002). 

9. Nusser, Z., Sieghart, W., Benke, D., Fritschy, J. M. & Somogyi, P. Differential 
synaptic localization of two major gamma-aminobutyric acid type A receptor alpha 
subunits on hippocampal pyramidal cells. Proc. Natl. Acad. Sci. U. S. A. 93, 
11939–11944 (1996). 

10. Nyiri, G., Freund, T. F. & Somogyi, P. Input-dependent synaptic targeting of 
alpha(2)-subunit-containing GABA(A) receptors in synapses of hippocampal 
pyramidal cells of the rat. Eur. J. Neurosci. 13, 428–442 (2001). 

11. Kole, M. H. P. & Stuart, G. J. Signal processing in the axon initial segment. 
Neuron 73, 235–247 (2012). 

12. Hines, R. M. et al. Developmental seizures and mortality result from reducing 
GABA<inf>A</inf> receptor α2-subunit interaction with collybistin. Nat. Commun. 
9, (2018). 

13. Tretter, V. et al. The clustering of GABA(A) receptor subtypes at inhibitory 
synapses is facilitated via the direct binding of receptor alpha 2 subunits to 
gephyrin. J. Neurosci. 28, 1356–1365 (2008). 

14. Alexander, S. P. et al. THE CONCISE GUIDE TO PHARMACOLOGY 2017/18: G 
protein-coupled receptors. Br. J. Pharmacol. 174 Suppl, S17–S129 (2017). 

15. Connolly, C. N. & Wafford, K. A. The Cys-loop superfamily of ligand-gated ion 
channels: the impact of receptor structure on function. Biochem. Soc. Trans. 32, 
529–534 (2004). 

16. Davies, P. A., Wang, W., Hales, T. G. & Kirkness, E. F. A novel class of ligand-
gated ion channel is activated by Zn2+. J. Biol. Chem. 278, 712–717 (2003). 

17. Bormann, J., Hamill, O. P. & Sakmann, B. Mechanism of anion permeation 
through channels gated by glycine and gamma-aminobutyric acid in mouse 
cultured spinal neurones. J. Physiol. 385, 243–286 (1987). 

18. Sieghart, W. & Sperk, G. Subunit composition, distribution and function of 
GABA(A) receptor subtypes. Curr. Top. Med. Chem. 2, 795–816 (2002). 



 99 

19. Fritschy, J.-M. & Panzanelli, P. GABAA receptors and plasticity of inhibitory 
neurotransmission in the central nervous system. Eur. J. Neurosci. 39, 1845–1865 
(2014). 

20. Fatima-Shad, K., Barry, P. H. & Gage, P. W. Anion permeation in GABA- and 
glycine-gated channels of mammalian cultured hippocampal neurons. Proc. R. 
Soc. London. Ser. B Biol. Sci. 253, 69–75 (1993). 

21. Kaila, K., Pasternack, M., Saarikoski, J. & Voipio, J. Influence of GABA-gated 
bicarbonate conductance on potential, current and intracellular chloride in crayfish 
muscle fibres. J. Physiol. 416, 161–181 (1989). 

22. Farrant, M. & Kaila, K. The cellular, molecular and ionic basis of GABA(A) 
receptor signalling. Prog. Brain Res. 160, 59–87 (2007). 

23. Kaila, K., Price, T. J., Payne, J. A., Puskarjov, M. & Voipio, J. Cation-chloride 
cotransporters in neuronal development, plasticity and disease. Nat. Rev. 
Neurosci. 15, 637–654 (2014). 

24. Sipilä, S. T. et al. Compensatory Enhancement of Intrinsic Spiking upon NKCC1 
Disruption in Neonatal Hippocampus. J. Neurosci. 29, 6982 LP-6988 (2009). 

25. Rivera, C. et al. The K+/Cl- co-transporter KCC2 renders GABA hyperpolarizing 
during neuronal maturation. Nature 397, 251–255 (1999). 

26. Blaesse, P., Airaksinen, M. S., Rivera, C. & Kaila, K. Cation-chloride 
cotransporters and neuronal function. Neuron 61, 820–838 (2009). 

27. Busch, C. & Sakmann, B. Synaptic transmission in hippocampal neurons: 
numerical reconstruction of quantal IPSCs. Cold Spring Harb. Symp. Quant. Biol. 
55, 69–80 (1990). 

28. Selten, M., van Bokhoven, H. & Nadif Kasri, N. Inhibitory control of the 
excitatory/inhibitory balance in psychiatric disorders. F1000Research 7, 23 
(2018). 

29. Vien, T. N. et al. Compromising the phosphodependent regulation of the GABAAR 
beta3 subunit reproduces the core phenotypes of autism spectrum disorders. 
Proc. Natl. Acad. Sci. U. S. A. 112, 14805–14810 (2015). 

30. Lorenz-Guertin, J. M. & Jacob, T. C. GABA type a receptor trafficking and the 
architecture of synaptic inhibition. Dev. Neurobiol. 78, 238–270 (2018). 

31. Coghlan, S. et al. GABA system dysfunction in autism and related disorders: from 
synapse to symptoms. Neurosci. Biobehav. Rev. 36, 2044–2055 (2012). 

32. Gonzalez-Burgos, G., Hashimoto, T. & Lewis, D. A. Alterations of cortical GABA 
neurons and network oscillations in schizophrenia. Curr. Psychiatry Rep. 12, 335–
344 (2010). 

33. Sperk, G., Furtinger, S., Schwarzer, C. & Pirker, S. GABA and its receptors in 
epilepsy. Adv. Exp. Med. Biol. 548, 92–103 (2004). 

34. Treiman, D. M. GABAergic mechanisms in epilepsy. Epilepsia 42 Suppl 3, 8–12 
(2001). 

35. Sieghart, W. Structure, pharmacology, and function of GABAA receptor subtypes. 
Adv. Pharmacol. 54, 231–263 (2006). 

36. Wisden, W., Laurie, D. J., Monyer, H. & Seeburg, P. H. The distribution of 13 
GABAA receptor subunit mRNAs in the rat brain. I. Telencephalon, diencephalon, 
mesencephalon. J. Neurosci. 12, 1040–1062 (1992). 

37. Baumann, S. W., Baur, R. & Sigel, E. Individual properties of the two functional 
agonist sites in GABA(A) receptors. J. Neurosci. 23, 11158–11166 (2003). 

38. Schofield, P. R. et al. Sequence and functional expression of the GABA A 
receptor shows a ligand-gated receptor super-family. Nature 328, 221–227 
(1987). 

39. Miller, P. S. & Aricescu, A. R. Crystal structure of a human GABAA receptor. 



 100 

Nature 512, 270–275 (2014). 
40. Unwin, N. Nicotinic acetylcholine receptor at 9 A resolution. J. Mol. Biol. 229, 

1101–1124 (1993). 
41. Chang, Y., Wang, R., Barot, S. & Weiss, D. S. Stoichiometry of a recombinant 

GABAA receptor. J. Neurosci. 16, 5415–5424 (1996). 
42. Vithlani, M., Terunuma, M. & Moss, S. J. The dynamic modulation of GABA(A) 

receptor trafficking and its role in regulating the plasticity of inhibitory synapses. 
Physiol. Rev. 91, 1009–1022 (2011). 

43. Baumann, S. W., Baur, R. & Sigel, E. Forced subunit assembly in 
alpha1beta2gamma2 GABAA receptors. Insight into the absolute arrangement. J. 
Biol. Chem. 277, 46020–46025 (2002). 

44. Bera, A. K., Chatav, M. & Akabas, M. H. GABA(A) receptor M2-M3 loop 
secondary structure and changes in accessibility during channel gating. J. Biol. 
Chem. 277, 43002–43010 (2002). 

45. Moss, S. J., Doherty, C. A. & Huganir, R. L. Identification of the cAMP-dependent 
protein kinase and protein kinase C phosphorylation sites within the major 
intracellular domains of the beta 1, gamma 2S, and gamma 2L subunits of the 
gamma-aminobutyric acid type A receptor. J. Biol. Chem. 267, 14470–14476 
(1992). 

46. Nymann-Andersen, J., Sawyer, G. W. & Olsen, R. W. Interaction between GABAA 
receptor subunit intracellular loops: implications for  higher order complex 
formation. J. Neurochem. 83, 1164–1171 (2002). 

47. O’Toole, K. K. & Jenkins, A. Discrete M3-M4 intracellular loop subdomains control 
specific aspects of gamma-aminobutyric acid type A receptor function. J. Biol. 
Chem. 286, 37990–37999 (2011). 

48. Arancibia-Carcamo, I. L. & Kittler, J. T. Regulation of GABA(A) receptor 
membrane trafficking and synaptic localization. Pharmacol. Ther. 123, 17–31 
(2009). 

49. Stell, B. M. & Mody, I. Receptors with different affinities mediate phasic and tonic 
GABA(A) conductances in hippocampal neurons. J. Neurosci. 22, RC223 (2002). 

50. Farrant, M. & Nusser, Z. Variations on an inhibitory theme: phasic and tonic 
activation of GABA(A) receptors. Nat. Rev. Neurosci. 6, 215–229 (2005). 

51. Study, R. E. & Barker, J. L. Diazepam and (--)-pentobarbital: fluctuation analysis 
reveals different mechanisms for potentiation of gamma-aminobutyric acid 
responses in cultured central neurons. Proc. Natl. Acad. Sci. U. S. A. 78, 7180–
7184 (1981). 

52. Rudolph, U. & Mohler, H. GABA-based therapeutic approaches: GABAA receptor 
subtype functions. Curr. Opin. Pharmacol. 6, 18–23 (2006). 

53. Rudolph, U., Crestani, F. & Mohler, H. GABA(A) receptor subtypes: dissecting 
their pharmacological functions. Trends Pharmacol. Sci. 22, 188–194 (2001). 

54. Nyíri, G., Freund, T. F. & Somogyi, P. Input-dependent synaptic targeting of α2-
subunit-containing GABAA receptors in synapses of hippocampal pyramidal cells 
of the rat. Eur. J. Neurosci. 13, 428–442 (2001). 

55. Somogyi, P., Nunzi, M. G., Gorio, A. & Smith, A. D. A new type of specific 
interneuron in the monkey hippocampus forming synapses exclusively with the 
axon initial segments of pyramidal cells. Brain Res. 259, 137–142 (1983). 

56. Pelkey, K. A. et al. Hippocampal GABAergic Inhibitory Interneurons. Physiol. Rev. 
97, 1619–1747 (2017). 

57. Kittler, J. T., McAinsh, K. & Moss, S. J. Mechanisms of GABAA receptor assembly 
and trafficking: implications for the modulation of inhibitory neurotransmission. 
Mol. Neurobiol. 26, 251–268 (2002). 



 101 

58. Connolly, C. N., Krishek, B. J., McDonald, B. J., Smart, T. G. & Moss, S. J. 
Assembly and cell surface expression of heteromeric and homomeric gamma-
aminobutyric acid type A receptors. J. Biol. Chem. 271, 89–96 (1996). 

59. Moss, S. J. & Smart, T. G. Constructing inhibitory synapses. Nat. Rev. Neurosci. 
2, 240–250 (2001). 

60. Gorrie, G. H. et al. Assembly of GABA&lt;sub&gt;A&lt;/sub&gt; Receptors 
Composed of α1 and β2 Subunits in Both Cultured Neurons and Fibroblasts. J. 
Neurosci. 17, 6587 LP-6596 (1997). 

61. Saliba, R. S., Michels, G., Jacob, T. C., Pangalos, M. N. & Moss, S. J. Activity-
dependent ubiquitination of GABA(A) receptors regulates their accumulation at 
synaptic sites. J. Neurosci. 27, 13341–13351 (2007). 

62. Yi, J. J. & Ehlers, M. D. Emerging roles for ubiquitin and protein degradation in 
neuronal function. Pharmacol. Rev. 59, 14–39 (2007). 

63. Bedford, F. K. et al. GABA(A) receptor cell surface number and subunit stability 
are regulated by the ubiquitin-like protein Plic-1. Nat. Neurosci. 4, 908–916 
(2001). 

64. Jacob, T. C., Moss, S. J. & Jurd, R. GABA(A) receptor trafficking and its role in 
the dynamic modulation of neuronal inhibition. Nat. Rev. Neurosci. 9, 331–343 
(2008). 

65. Wang, H., Bedford, F. K., Brandon, N. J., Moss, S. J. & Olsen, R. W. GABA(A)-
receptor-associated protein links GABA(A) receptors and the cytoskeleton. Nature 
397, 69–72 (1999). 

66. Kittler, J. T. et al. The subcellular distribution of GABARAP and its ability to 
interact with NSF suggest a role for this protein in the intracellular transport of 
GABA(A) receptors. Mol. Cell. Neurosci. 18, 13–25 (2001). 

67. Chen, L., Wang, H., Vicini, S. & Olsen, R. W. The gamma-aminobutyric acid type 
A (GABAA) receptor-associated protein (GABARAP)  promotes GABAA receptor 
clustering and modulates the channel kinetics. Proc. Natl. Acad. Sci. U. S. A. 97, 
11557–11562 (2000). 

68. Chen, Z.-W., Chang, C.-S. S., Leil, T. A., Olcese, R. & Olsen, R. W. GABAA 
receptor-associated protein regulates GABAA receptor cell-surface number in 
Xenopus laevis oocytes. Mol. Pharmacol. 68, 152–159 (2005). 

69. Goto, H. et al. Direct interaction of N-ethylmaleimide-sensitive factor with 
GABA(A) receptor beta subunits. Mol. Cell. Neurosci. 30, 197–206 (2005). 

70. Uji, A. et al. Molecules interacting with PRIP-2, a novel Ins(1,4,5)P3 binding 
protein type 2: Comparison with PRIP-1. Life Sci. 72, 443–453 (2002). 

71. Kanematsu, T. et al. Role of the PLC-related, catalytically inactive protein p130 in 
GABA(A) receptor function. EMBO J. 21, 1004–1011 (2002). 

72. Mizokami, A. et al. Phospholipase C-related inactive protein is involved in 
trafficking of gamma2 subunit-containing GABA(A) receptors to the cell surface. J. 
Neurosci. 27, 1692–1701 (2007). 

73. Moss, J. & Vaughan, M. Structure and function of ARF proteins: activators of 
cholera toxin and critical  components of intracellular vesicular transport 
processes. J. Biol. Chem. 270, 12327–12330 (1995). 

74. Charych, E. I. et al. The brefeldin A-inhibited GDP/GTP exchange factor 2, a 
protein involved in vesicular trafficking, interacts with the beta subunits of the 
GABA receptors. J. Neurochem. 90, 173–189 (2004). 

75. Shen, X. et al. Association of brefeldin A-inhibited guanine nucleotide-exchange 
protein 2 (BIG2) with recycling endosomes during transferrin uptake. Proc. Natl. 
Acad. Sci. U. S. A. 103, 2635–2640 (2006). 

76. Jacob, T. C. et al. Gephyrin Regulates the Cell Surface Dynamics of Synaptic 



 102 

GABA&lt;sub&gt;A&lt;/sub&gt; Receptors. J. Neurosci. 25, 10469 LP-10478 
(2005). 

77. Kittler, J. T. et al. Constitutive Endocytosis of GABAA Receptors by an 
Association with the Adaptin AP2 Complex Modulates Inhibitory Synaptic Currents 
in Hippocampal Neurons. J. Neurosci. 20, 7972–7977 (2000). 

78. Herring, D. et al. Constitutive GABAA receptor endocytosis is dynamin-mediated 
and dependent on a dileucine AP2 adaptin-binding motif within the beta 2 subunit 
of the receptor. J. Biol. Chem. 278, 24046–24052 (2003). 

79. Kittler, J. T. et al. Phospho-dependent binding of the clathrin AP2 adaptor 
complex to GABAA receptors  regulates the efficacy of inhibitory synaptic 
transmission. Proc. Natl. Acad. Sci. U. S. A. 102, 14871–14876 (2005). 

80. Kittler, J. T. et al. Regulation of synaptic inhibition by phospho-dependent binding 
of the AP2 complex to a YECL motif in the GABAA receptor gamma2 subunit. 
Proc. Natl. Acad. Sci. U. S. A. 105, 3616–3621 (2008). 

81. Jacob, T. C. et al. GABA(A) receptor membrane trafficking regulates spine 
maturity. Proc. Natl. Acad. Sci. U. S. A. 106, 12500–12505 (2009). 

82. Jurd, R., Tretter, V., Walker, J., Brandon, N. J. & Moss, S. J. Fyn kinase 
contributes to tyrosine phosphorylation of the GABA(A) receptor gamma2 subunit. 
Mol. Cell. Neurosci. 44, 129–134 (2010). 

83. Kittler, J. T. et al. Huntingtin-associated protein 1 regulates inhibitory synaptic 
transmission by modulating γ-aminobutyric acid type A receptor membrane 
trafficking. Proc. Natl. Acad. Sci. U. S. A. 101, 12736 LP-12741 (2004). 

84. Twelvetrees, A. E. et al. Delivery of GABAARs to synapses is mediated by HAP1-
KIF5 and disrupted by mutant  huntingtin. Neuron 65, 53–65 (2010). 

85. Sheng, G. et al. Hypothalamic huntingtin-associated protein 1 as a mediator of 
feeding behavior. Nat. Med. 12, 526–533 (2006). 

86. Vien, T. N., Moss, S. J. & Davies, P. A. Regulating the Efficacy of Inhibition 
Through Trafficking of γ-Aminobutyric Acid Type A Receptors. Anesth. Analg. 
123, 1220–1227 (2016). 

87. Bogdanov, Y. et al. Synaptic GABA&lt;sub&gt;A&lt;/sub&gt; receptors are directly 
recruited from their extrasynaptic counterparts. EMBO J. 25, 4381 LP-4389 
(2006). 

88. Thomas, P., Mortensen, M., Hosie, A. M. & Smart, T. G. Dynamic mobility of 
functional GABAA receptors at inhibitory synapses. Nat. Neurosci. 8, 889 (2005). 

89. Hannan, S. et al. GABAAR isoform and subunit structural motifs determine 
synaptic and extrasynaptic receptor localisation. Neuropharmacology (2019). 
doi:https://doi.org/10.1016/j.neuropharm.2019.02.022 

90. Siddoway, B., Hou, H. & Xia, H. Glutamatergic Synapses: Molecular Organisation. 
in eLS (American Cancer Society, 2011). 
doi:10.1002/9780470015902.a0000235.pub2 

91. Tyagarajan, S. K. & Fritschy, J.-M. Gephyrin: a master regulator of neuronal 
function? Nat. Rev. Neurosci. 15, 141 (2014). 

92. Saiepour, L. et al. Complex role of collybistin and gephyrin in GABAA receptor 
clustering. J. Biol. Chem. 285, 29623–29631 (2010). 

93. Varoqueaux, F., Jamain, S. & Brose, N. Neuroligin 2 is exclusively localized to 
inhibitory synapses. Eur. J. Cell Biol. 83, 449–456 (2004). 

94. Yamasaki, T., Hoyos-Ramirez, E., Martenson, J. S., Morimoto-Tomita, M. & 
Tomita, S. GARLH Family Proteins Stabilize GABAA Receptors at Synapses. 
Neuron 93, 1138–1152.e6 (2017). 

95. Tretter, V. et al. Gephyrin, the enigmatic organizer at GABAergic synapses. Front. 
Cell. Neurosci. 6, 23 (2012). 



 103 

96. Ramming, M. et al. Diversity and phylogeny of gephyrin: Tissue-specific splice 
variants, gene structure, and sequence similarities to molybdenum cofactor-
synthesizing and cytoskeleton-associated proteins. Proc. Natl. Acad. Sci. 97, 
10266 LP-10271 (2000). 

97. Stallmeyer, B. et al. The neurotransmitter receptor-anchoring protein gephyrin 
reconstitutes molybdenum cofactor biosynthesis in bacteria, plants, and 
mammalian cells. Proc. Natl. Acad. Sci. U. S. A. 96, 1333–1338 (1999). 

98. Prior, P. et al. Primary structure and alternative splice variants of gephyrin, a 
putative glycine receptor-tubulin linker protein. Neuron 8, 1161–1170 (1992). 

99. Feng, G. et al. Dual-requirement for gephyrin in glycine receptor clustering and 
molybdoenzyme activity. Science (80-. ). 282, 1321–1324 (1998). 

100. Kneussel, M. et al. Loss of postsynaptic GABA(A) receptor clustering in gephyrin-
deficient mice. J. Neurosci. 19, 9289–9297 (1999). 

101. Essrich, C., Lorez, M., Benson, J. A., Fritschy, J. M. & Luscher, B. Postsynaptic 
clustering of major GABAA receptor subtypes requires the gamma 2 subunit and 
gephyrin. Nat. Neurosci. 1, 563–571 (1998). 

102. Fischer, F. et al. Reduced synaptic clustering of GABA and glycine receptors in 
the retina of the gephyrin null mutant mouse. J. Comp. Neurol. 427, 634–648 
(2000). 

103. Sassoe-Pognetto, M., Panzanelli, P., Sieghart, W. & Fritschy, J. M. Colocalization 
of multiple GABA(A) receptor subtypes with gephyrin at postsynaptic sites. J. 
Comp. Neurol. 420, 481–498 (2000). 

104. Schweizer, C. et al. The gamma 2 subunit of GABA(A) receptors is required for 
maintenance of receptors at mature synapses. Mol. Cell. Neurosci. 24, 442–450 
(2003). 

105. Kralic, J. E. et al. Compensatory alteration of inhibitory synaptic circuits in 
cerebellum and thalamus of gamma-aminobutyric acid type A receptor alpha1 
subunit knockout mice. J. Comp. Neurol. 495, 408–421 (2006). 

106. Fang, M. et al. Downregulation of gephyrin in temporal lobe epilepsy neurons in 
humans and a rat  model. Synapse 65, 1006–1014 (2011). 

107. Forstera, B. et al. Irregular RNA splicing curtails postsynaptic gephyrin in the 
cornu ammonis of patients with epilepsy. Brain 133, 3778–3794 (2010). 

108. Lionel, A. C. et al. Rare exonic deletions implicate the synaptic organizer 
Gephyrin (GPHN) in risk for autism, schizophrenia and seizures. Hum. Mol. 
Genet. 22, 2055–2066 (2013). 

109. Schwarz, G., Schrader, N., Mendel, R. R., Hecht, H. J. & Schindelin, H. Crystal 
structures of human gephyrin and plant Cnx1 G domains: comparative analysis 
and functional implications. J. Mol. Biol. 312, 405–418 (2001). 

110. Fritschy, J.-M., Harvey, R. J. & Schwarz, G. Gephyrin: where do we stand, where 
do we go? Trends Neurosci. 31, 257–264 (2008). 

111. Sola, M., Kneussel, M., Heck, I. S., Betz, H. & Weissenhorn, W. X-ray crystal 
structure of the trimeric N-terminal domain of gephyrin. J. Biol. Chem. 276, 
25294–25301 (2001). 

112. Sola, M. et al. Structural basis of dynamic glycine receptor clustering by gephyrin. 
EMBO J. 23, 2510–2519 (2004). 

113. Saiyed, T. et al. Molecular basis of gephyrin clustering at inhibitory synapses: role 
of G- and E-domain interactions. J. Biol. Chem. 282, 5625–5632 (2007). 

114. Kirsch, J., Kuhse, J. & Betz, H. Targeting of glycine receptor subunits to gephyrin-
rich domains in transfected human embryonic kidney cells. Mol. Cell. Neurosci. 6, 
450–461 (1995). 

115. Fuhrmann, J. C. et al. Gephyrin interacts with Dynein light chains 1 and 2, 



 104 

components of motor protein  complexes. J. Neurosci. 22, 5393–5402 (2002). 
116. Maas, C. et al. Synaptic activation modifies microtubules underlying transport of 

postsynaptic cargo. Proc. Natl. Acad. Sci. U. S. A. 106, 8731–8736 (2009). 
117. Dumoulin, A., Triller, A. & Kneussel, M. Cellular transport and membrane 

dynamics of the glycine receptor. Front. Mol. Neurosci. 2, 28 (2009). 
118. Mammoto, A. et al. Interactions of drebrin and gephyrin with profilin. Biochem. 

Biophys. Res. Commun. 243, 86–89 (1998). 
119. Giesemann, T. et al. Complex formation between the postsynaptic scaffolding 

protein gephyrin, profilin, and Mena: a possible link to the microfilament system. J. 
Neurosci. 23, 8330–8339 (2003). 

120. Krause, M., Dent, E. W., Bear, J. E., Loureiro, J. J. & Gertler, F. B. Ena/VASP 
proteins: regulators of the actin cytoskeleton and cell migration. Annu. Rev. Cell 
Dev. Biol. 19, 541–564 (2003). 

121. Schrader, N. et al. Biochemical characterization of the high affinity binding 
between the glycine receptor and gephyrin. J. Biol. Chem. 279, 18733–18741 
(2004). 

122. Kim, E. Y. et al. Deciphering the structural framework of glycine receptor 
anchoring by gephyrin. EMBO J. 25, 1385–1395 (2006). 

123. Maric, H.-M., Mukherjee, J., Tretter, V., Moss, S. J. & Schindelin, H. Gephyrin-
mediated gamma-aminobutyric acid type A and glycine receptor clustering  relies 
on a common binding site. J. Biol. Chem. 286, 42105–42114 (2011). 

124. Mukherjee, J. et al. The residence time of GABA(A)Rs at inhibitory synapses is 
determined by direct binding of the receptor alpha1 subunit to gephyrin. J. 
Neurosci. 31, 14677–14687 (2011). 

125. Tretter, V. et al. Molecular basis of the gamma-aminobutyric acid A receptor 
alpha3 subunit interaction with the clustering protein gephyrin. J. Biol. Chem. 286, 
37702–37711 (2011). 

126. Graf, E. R., Zhang, X., Jin, S.-X., Linhoff, M. W. & Craig, A. M. Neurexins induce 
differentiation of GABA and glutamate postsynaptic specializations via neuroligins. 
Cell 119, 1013–1026 (2004). 

127. Scheiffele, P., Fan, J., Choih, J., Fetter, R. & Serafini, T. Neuroligin expressed in 
nonneuronal cells triggers presynaptic development in contacting axons. Cell 101, 
657–669 (2000). 

128. Sun, C. et al. Identification and functional characterization of rare mutations of the 
neuroligin-2 gene (NLGN2) associated with schizophrenia. Hum. Mol. Genet. 20, 
3042–3051 (2011). 

129. Poulopoulos, A. et al. Neuroligin 2 Drives Postsynaptic Assembly at Perisomatic 
Inhibitory Synapses through Gephyrin and Collybistin. Neuron 63, 628–642 
(2009). 

130. Reid, T., Bathoorn, A., Ahmadian, M. R. & Collard, J. G. Identification and 
characterization of hPEM-2, a guanine nucleotide exchange factor specific for 
Cdc42. J. Biol. Chem. 274, 33587–33593 (1999). 

131. Kneussel, M., Engelkamp, D. & Betz, H. Distribution of transcripts for the brain-
specific GDP/GTP exchange factor collybistin in the developing mouse brain. Eur. 
J. Neurosci. 13, 487–492 (2001). 

132. Tolias, K. F., Duman, J. G. & Um, K. Control of synapse development and 
plasticity by Rho GTPase regulatory proteins. Prog. Neurobiol. 94, 133–148 
(2011). 

133. Kins, S., Betz, H. & Kirsch, J. Collybistin, a newly identified brain-specific GEF, 
induces submembrane clustering of gephyrin. Nat. Neurosci. 3, 22–29 (2000). 

134. Harvey, K. et al. The GDP-GTP exchange factor collybistin: an essential 



 105 

determinant of neuronal gephyrin clustering. J. Neurosci. 24, 5816–5826 (2004). 
135. Papadopoulos, T. et al. Impaired GABAergic transmission and altered 

hippocampal synaptic plasticity in collybistin-deficient mice. EMBO J. 26, 3888–
3899 (2007). 

136. Papadopoulos, T. et al. Collybistin is required for both the formation and 
maintenance of GABAergic postsynapses in the hippocampus. Mol. Cell. 
Neurosci. 39, 161–169 (2008). 

137. Patrizi, A. et al. Selective localization of collybistin at a subset of inhibitory 
synapses in brain circuits. J. Comp. Neurol. 520, 130–141 (2012). 

138. Miller, M. B., Yan, Y., Eipper, B. A. & Mains, R. E. Neuronal Rho GEFs in synaptic 
physiology and behavior. Neuroscientist 19, 255–273 (2013). 

139. Shimojima, K. et al. Loss-of-function mutation of collybistin is responsible for X-
linked mental retardation associated with epilepsy. J. Hum. Genet. 56, 561–565 
(2011). 

140. Kalscheuer, V. M. et al. A balanced chromosomal translocation disrupting 
ARHGEF9 is associated with epilepsy, anxiety, aggression, and mental 
retardation. Hum. Mutat. 30, 61–68 (2009). 

141. Papadopoulos, T., Schemm, R., Grubmuller, H. & Brose, N. Lipid binding defects 
and perturbed synaptogenic activity of a Collybistin R290H  mutant that causes 
epilepsy and intellectual disability. J. Biol. Chem. 290, 8256–8270 (2015). 

142. Tyagarajan, S. K., Ghosh, H., Harvey, K. & Fritschy, J.-M. Collybistin splice 
variants differentially interact with gephyrin and Cdc42 to regulate gephyrin 
clustering at GABAergic synapses. J. Cell Sci. 124, 2786–2796 (2011). 

143. Kavran, J. M. et al. Specificity and promiscuity in phosphoinositide binding by 
pleckstrin homology domains. J. Biol. Chem. 273, 30497–30508 (1998). 

144. Hyvonen, M. et al. Structure of the binding site for inositol phosphates in a PH 
domain. EMBO J. 14, 4676–4685 (1995). 

145. Papadopoulos, T. & Soykan, T. The Role of Collybistin in Gephyrin Clustering at 
Inhibitory Synapses: Facts and Open Questions. Front. Cell. Neurosci. 5, 11 
(2011). 

146. Chiou, T.-T. et al. Differential regulation of the postsynaptic clustering of gamma-
aminobutyric acid type A (GABAA) receptors by collybistin isoforms. J. Biol. 
Chem. 286, 22456–22468 (2011). 

147. Korber, C. et al. Effects of distinct collybistin isoforms on the formation of 
GABAergic synapses in hippocampal neurons. Mol. Cell. Neurosci. 50, 250–259 
(2012). 

148. Xiang, S. et al. The Crystal Structure of Cdc42 in Complex with Collybistin II, a 
Gephyrin-interacting Guanine Nucleotide Exchange Factor. J. Mol. Biol. 359, 35–
46 (2006). 

149. Reddy-Alla, S. et al. PH-domain-driven targeting of collybistin but not Cdc42 
activation is required for synaptic gephyrin clustering. Eur. J. Neurosci. 31, 1173–
1184 (2010). 

150. Grosskreutz, Y. et al. Identification of a gephyrin-binding motif in the GDP/GTP 
exchange factor collybistin. Biol. Chem. 382, 1455–1462 (2001). 

151. Leterrier, C. The Axon Initial Segment: An Updated Viewpoint. J. Neurosci. 38, 
2135 LP-2145 (2018). 

152. Peters, A., Proskauer, C. C. & Kaiserman-Abramof, I. R. The small pyramidal 
neuron of the rat cerebral cortex. The axon hillock and initial segment. J. Cell Biol. 
39, 604–619 (1968). 

153. Palay, S. L., Sotelo, C., Peters, A. & Orkand, P. M. The axon hillock and the initial 
segment. J. Cell Biol. 38, 193–201 (1968). 



 106 

154. JONES, E. G. & POWELL, T. P. S. Synapses on the Axon Hillocks and Initial 
Segments of Pyramidal Cell Axons in the Cerebral Cortex. J. Cell Sci. 5, 495 LP-
507 (1969). 

155. Kosaka, T. The axon initial segment as a synaptic site: ultrastructure and 
synaptology of the initial segment of the pyramidal cell in the rat hippocampus 
(CA3 region). J. Neurocytol. 9, 861–882 (1980). 

156. ARAKI, T. & OTANI, T. Response of single motoneurons to direct stimulation in 
toad’s spinal cord. J. Neurophysiol. 18, 472–485 (1955). 

157. COOMBS, J. S., CURTIS, D. R. & ECCLES, J. C. The generation of impulses in 
motoneurones. J. Physiol. 139, 232–249 (1957). 

158. Fuortes, M. G. F., Frank, K. & Becker, M. C. STEPS IN THE PRODUCTION OF 
MOTONEURON SPIKES. J. Gen. Physiol. 40, 735 LP-752 (1957). 

159. Kordeli, E., Lambert, S. & Bennett, V. AnkyrinG. A new ankyrin gene with neural-
specific isoforms localized at the axonal initial segment and node of Ranvier. J. 
Biol. Chem. 270, 2352–2359 (1995). 

160. Le Bras, B. et al. In vivo assembly of the axon initial segment in motor neurons. 
Brain Struct. Funct. 219, 1433–1450 (2014). 

161. Zhou, D. et al. AnkyrinG is required for clustering of voltage-gated Na channels at 
axon initial  segments and for normal action potential firing. J. Cell Biol. 143, 
1295–1304 (1998). 

162. Jenkins, S. M. & Bennett, V. Ankyrin-G coordinates assembly of the spectrin-
based membrane skeleton, voltage-gated sodium channels, and L1 CAMs at 
Purkinje neuron initial segments. J. Cell Biol. 155, 739 LP-746 (2001). 

163. Han, B., Zhou, R., Xia, C. & Zhuang, X. Structural organization of the actin-
spectrin-based membrane skeleton in dendrites  and soma of neurons. Proc. Natl. 
Acad. Sci. U. S. A. 114, E6678–E6685 (2017). 

164. Hedstrom, K. L., Ogawa, Y. & Rasband, M. N. AnkyrinG is required for 
maintenance of the axon initial segment and neuronal polarity. J. Cell Biol. 183, 
635 LP-640 (2008). 

165. Sobotzik, J.-M. et al. AnkyrinG is required to maintain axo-dendritic polarity in 
vivo. Proc. Natl. Acad. Sci. 106, 17564 LP-17569 (2009). 

166. Bennett, V. & Lorenzo, D. N. Spectrin- and ankyrin-based membrane domains 
and the evolution of vertebrates. Curr. Top. Membr. 72, 1–37 (2013). 

167. Michaely, P., Tomchick, D. R., Machius, M. & Anderson, R. G. W. Crystal 
structure of a 12 ANK repeat stack from human ankyrinR. EMBO J. 21, 6387 LP-
6396 (2002). 

168. Wang, C. et al. Structural basis of diverse membrane target recognitions by 
ankyrins. Elife 3, (2014). 

169. Leterrier, C. et al. End-binding proteins EB3 and EB1 link microtubules to ankyrin 
G in the axon initial segment. Proc. Natl. Acad. Sci. 108, 8826–8831 (2011). 

170. Xu, K., Zhong, G. & Zhuang, X. Actin, Spectrin, and Associated Proteins Form a 
Periodic Cytoskeletal Structure in Axons. Science (80-. ). 339, 452 LP-456 (2013). 

171. Leterrier, C. et al. Nanoscale Architecture of the Axon Initial Segment Reveals an 
Organized and Robust Scaffold. Cell Rep. 13, 2781–2793 (2015). 

172. Rasband, M. N. The axon initial segment and the maintenance of neuronal 
polarity. Nat. Rev. Neurosci. 11, 552–562 (2010). 

173. Zhang, Y. et al. Modeling of the axon membrane skeleton structure and 
implications for its mechanical properties. PLoS Comput. Biol. 13, e1005407 
(2017). 

174. Marchesi, V. T. & Steers, E. J. Selective solubilization of a protein component of 
the red cell membrane. Science 159, 203–204 (1968). 



 107 

175. Byers, T. J. & Branton, D. Visualization of the protein associations in the 
erythrocyte membrane skeleton. Proc. Natl. Acad. Sci. U. S. A. 82, 6153–6157 
(1985). 

176. Shotton, D. M., Burke, B. E. & Branton, D. The molecular structure of human 
erythrocyte spectrin: Biophysical and electron microscopic studies. J. Mol. Biol. 
131, 303–329 (1979). 

177. Speicher, D. W. & Marchesi, V. T. Erythrocyte spectrin is comprised of many 
homologous triple helical segments. Nature 311, 177–180 (1984). 

178. Yan, Y. et al. Crystal structure of the repetitive segments of spectrin. Science 262, 
2027–2030 (1993). 

179. Berghs, S. et al. betaIV spectrin, a new spectrin localized at axon initial segments 
and nodes of ranvier in the central and peripheral nervous system. J. Cell Biol. 
151, 985–1002 (2000). 

180. Solimena, M. et al. ICA 512, an autoantigen of type I diabetes, is an intrinsic 
membrane protein of neurosecretory granules. EMBO J. 15, 2102–2114 (1996). 

181. Yoshimura, T., Stevens, S. R., Leterrier, C., Stankewich, M. C. & Rasband, M. N. 
Developmental Changes in Expression of betaIV Spectrin Splice Variants at Axon 
Initial Segments and Nodes of Ranvier. Front. Cell. Neurosci. 10, 304 (2016). 

182. Komada, M. & Soriano, P. βIV-spectrin regulates sodium channel clustering 
through ankyrin-G at axon initial segments and nodes of Ranvier. J. Cell Biol. 156, 
337 LP-348 (2002). 

183. Huang, C. Y.-M. et al. αII Spectrin Forms a Periodic Cytoskeleton at the Axon 
Initial Segment and Is Required for Nervous System Function. J. Neurosci. 37, 
11311 LP-11322 (2017). 

184. Murray, P., Frampton, G. & Nelson, P. N. Cell adhesion molecules. Sticky 
moments in the clinic. BMJ 319, 332–334 (1999). 

185. Sherman, D. L. et al. Neurofascins are required to establish axonal domains for 
saltatory conduction. Neuron 48, 737–742 (2005). 

186. Schafer, D. P. & Rasband, M. N. Glial regulation of the axonal membrane at 
nodes of Ranvier. Curr. Opin. Neurobiol. 16, 508–514 (2006). 

187. Hedstrom, K. L. et al. Neurofascin assembles a specialized extracellular matrix at 
the axon initial segment. J. Cell Biol. 178, 875–886 (2007). 

188. Garver, T. D., Ren, Q., Tuvia, S. & Bennett, V. Tyrosine Phosphorylation at a Site 
Highly Conserved in the L1 Family of Cell Adhesion Molecules Abolishes Ankyrin 
Binding and Increases Lateral Mobility of Neurofascin. J. Cell Biol. 137, 703 LP-
714 (1997). 

189. Huang, C. Y.-M. & Rasband, M. N. Axon initial segments: structure, function, and 
disease. Ann. N. Y. Acad. Sci. 1420, 46–61 (2018). 

190. Eshed, Y., Feinberg, K., Carey, D. J. & Peles, E. Secreted gliomedin is a 
perinodal matrix component of peripheral nerves. J. Cell Biol. 177, 551 LP-562 
(2007). 

191. John, N. et al. Brevican-containing perineuronal nets of extracellular matrix in 
dissociated hippocampal primary cultures. Mol. Cell. Neurosci. 31, 774–784 
(2006). 

192. Bruckner, G., Szeoke, S., Pavlica, S., Grosche, J. & Kacza, J. Axon initial 
segment ensheathed by extracellular matrix in perineuronal nets. Neuroscience 
138, 365–375 (2006). 

193. Kriebel, M. et al. The cell adhesion molecule neurofascin stabilizes axo-axonic 
GABAergic terminals  at the axon initial segment. J. Biol. Chem. 286, 24385–
24393 (2011). 

194. Soghomonian, J. J. & Martin, D. L. Two isoforms of glutamate decarboxylase: 



 108 

why? Trends Pharmacol. Sci. 19, 500–505 (1998). 
195. Burkarth, N., Kriebel, M., Kranz, E. U. & Volkmer, H. Neurofascin regulates the 

formation of gephyrin clusters and their subsequent translocation to the axon 
hillock of hippocampal neurons. Mol. Cell. Neurosci. 36, 59–70 (2007). 

196. Hodgkin, A. L. & Huxley, A. F. A quantitative description of membrane current and 
its application to conduction and excitation in nerve. J. Physiol. 117, 500–544 
(1952). 

197. Marban, E., Yamagishi, T. & Tomaselli, G. F. Structure and function of voltage-
gated sodium channels. J. Physiol. 508 ( Pt 3), 647–657 (1998). 

198. Boiko, T. et al. Functional Specialization of the Axon Initial Segment by Isoform-
Specific Sodium Channel Targeting. J. Neurosci. 23, 2306–2313 (2003). 

199. Royeck, M. et al. Role of Axonal NaV1.6 Sodium Channels in Action Potential 
Initiation of CA1 Pyramidal Neurons. J. Neurophysiol. 100, 2361–2380 (2008). 

200. Lorincz, A. & Nusser, Z. Cell-Type-Dependent Molecular Composition of the Axon 
Initial Segment. J. Neurosci. 28, 14329–14340 (2008). 

201. Kole, M. H. P. et al. Action potential generation requires a high sodium channel 
density in the axon initial segment. Nat. Neurosci. 11, 178 (2008). 

202. Lorincz, A. & Nusser, Z. Molecular Identity of Dendritic Voltage-Gated Sodium 
Channels. Science (80-. ). 328, 906 LP-909 (2010). 

203. Dodge, F. A. & Cooley, J. W. Action Potential of the Motorneuron. IBM J. Res. 
Dev. 17, 219–229 (1973). 

204. Schmidt-Hieber, C. & Bischofberger, J. Fast Sodium Channel Gating Supports 
Localized and Efficient Axonal Action Potential Initiation. J. Neurosci. 30, 10233 
LP-10242 (2010). 

205. Colbert, C. M. & Pan, E. Ion channel properties underlying axonal action potential 
initiation in pyramidal neurons. Nat. Neurosci. 5, 533 (2002). 

206. Hu, W. et al. Distinct contributions of Nav1.6 and Nav1.2 in action potential 
initiation and backpropagation. Nat. Neurosci. 12, 996 (2009). 

207. Taddese, A. & Bean, B. P. Subthreshold Sodium Current from Rapidly Inactivating 
Sodium Channels Drives Spontaneous Firing of Tuberomammillary Neurons. 
Neuron 33, 587–600 (2002). 

208. Garrido, J. J. et al. A targeting motif involved in sodium channel clustering at the 
axonal initial segment. Science 300, 2091–2094 (2003). 

209. Gasser, A. et al. An AnkyrinG-Binding Motif Is Necessary and Sufficient for 
Targeting Na&lt;sub&gt;v&lt;/sub&gt;1.6 Sodium Channels to Axon Initial 
Segments and Nodes of Ranvier. J. Neurosci. 32, 7232 LP-7243 (2012). 

210. Yellen, G. The voltage-gated potassium channels and their relatives. Nature 419, 
35 (2002). 

211. Dodson, P. D., Barker, M. C. & Forsythe, I. D. Two Heteromeric Kv1 Potassium 
Channels Differentially Regulate Action Potential Firing. J. Neurosci. 22, 6953 LP-
6961 (2002). 

212. Kole, M. H. P., Letzkus, J. J. & Stuart, G. J. Axon initial segment Kv1 channels 
control axonal action potential waveform and synaptic efficacy. Neuron 55, 633–
647 (2007). 

213. Brown, D. A. & Adams, P. R. Muscarinic suppression of a novel voltage-sensitive 
K+ current in a vertebrate neurone. Nature 283, 673–676 (1980). 

214. Devaux, J. J., Kleopa, K. A., Cooper, E. C. & Scherer, S. S. KCNQ2 Is a Nodal 
K&lt;sup&gt;+&lt;/sup&gt; Channel. J. Neurosci. 24, 1236 LP-1244 (2004). 

215. Shah, M. M., Migliore, M., Valencia, I., Cooper, E. C. & Brown, D. A. Functional 
significance of axonal Kv7 channels in hippocampal pyramidal neurons. Proc. 
Natl. Acad. Sci. 105, 7869 LP-7874 (2008). 



 109 

216. Brown, D. A. & Passmore, G. M. Neural KCNQ (Kv7) channels. Br. J. Pharmacol. 
156, 1185–1195 (2009). 

217. Pan, Z. et al. A common ankyrin-G-based mechanism retains KCNQ and NaV 
channels at electrically  active domains of the axon. J. Neurosci. 26, 2599–2613 
(2006). 

218. Ogawa, Y. et al. Postsynaptic Density-93 Clusters Kv1 Channels at Axon Initial 
Segments Independently of Caspr2. J. Neurosci. 28, 5731 LP-5739 (2008). 

219. Sarmiere, P. D., Weigle, C. M. & Tamkun, M. M. The Kv2.1 K+ channel targets to 
the axon initial segment of hippocampal and cortical neurons in culture and in situ. 
BMC Neurosci. 9, 112 (2008). 

220. Murakoshi, H. & Trimmer, J. S. Identification of the Kv2.1 
K&lt;sup&gt;+&lt;/sup&gt; Channel as a Major Component of the Delayed Rectifier 
K&lt;sup&gt;+&lt;/sup&gt; Current in Rat Hippocampal Neurons. J. Neurosci. 19, 
1728 LP-1735 (1999). 

221. Jensen, C. S. et al. Trafficking of Kv2.1 Channels to the Axon Initial Segment by a 
Novel Nonconventional Secretory Pathway. J. Neurosci. 37, 11523 LP-11536 
(2017). 

222. Bas Orth, C., Schultz, C., Müller, C. M., Frotscher, M. & Deller, T. Loss of the 
cisternal organelle in the axon initial segment of cortical neurons in synaptopodin-
deficient mice. J. Comp. Neurol. 504, 441–449 (2007). 

223. Callewaert, G., Eilers, J. & Konnerth, A. Axonal calcium entry during fast ‘sodium’ 
action potentials in rat cerebellar Purkinje neurones. J. Physiol. 495, 641–647 
(1996). 

224. Bender, K. J. & Trussell, L. O. Axon Initial Segment Ca2+ Channels Influence 
Action Potential Generation and Timing. Neuron 61, 259–271 (2009). 

225. Yu, Y., Maureira, C., Liu, X. & McCormick, D. P/Q and N Channels Control 
Baseline and Spike-Triggered Calcium Levels in Neocortical Axons and Synaptic 
Boutons. J. Neurosci. 30, 11858 LP-11869 (2010). 

226. Zhu, Y., Stornetta, R. L. & Zhu, J. J. Chandelier cells control excessive cortical 
excitation: characteristics of whisker-evoked synaptic responses of layer 2/3 
nonpyramidal and pyramidal neurons. J. Neurosci. 24, 5101–5108 (2004). 

227. Glickfeld, L. L., Roberts, J. D., Somogyi, P. & Scanziani, M. Interneurons 
hyperpolarize pyramidal cells along their entire somatodendritic axis. Nat. 
Neurosci. 12, 21–23 (2009). 

228. Szabadics, J. et al. Excitatory effect of GABAergic axo-axonic cells in cortical 
microcircuits. Science 311, 233–235 (2006). 

229. Panzanelli, P. et al. Distinct mechanisms regulate GABAA receptor and gephyrin 
clustering at perisomatic and axo-axonic synapses on CA1 pyramidal cells. J. 
Physiol. 589, 4959–4980 (2011). 

230. Muir, J. & Kittler, J. T. Plasticity of GABAA receptor diffusion dynamics at the axon 
initial segment. Front. Cell. Neurosci. 8, 151 (2014). 

231. Gao, Y. & Heldt, S. A. Enrichment of GABAA Receptor α-Subunits on the Axonal 
Initial Segment Shows Regional Differences. Front. Cell. Neurosci. 10, 39 (2016). 

232. Kerti-Szigeti, K. & Nusser, Z. Similar GABAA receptor subunit composition in 
somatic and axon initial segment synapses of hippocampal pyramidal cells. Elife 
5, (2016). 

233. Somogyi, P. A specific ‘axo-axonal’ interneuron in the visual cortex of the rat. 
Brain Res. 136, 345–350 (1977). 

234. Fairen, A. & Valverde, F. A specialized type of neuron in the visual cortex of cat: a 
Golgi and electron microscope study of chandelier cells. J. Comp. Neurol. 194, 
761–779 (1980). 



 110 

235. Szentagothai, J. & Arbib, M. A. Conceptual models of neural organization. 
Neurosci. Res. Program Bull. 12, 305–510 (1974). 

236. Somogyi, P., Freund, T. F. & Cowey, A. The axo-axonic interneuron in the 
cerebral cortex of the rat, cat and monkey. Neuroscience 7, 2577–2607 (1982). 

237. Li, X.-G., Somogyi, P., Tepper, J. M. & Buzsáki, G. Axonal and dendritic 
arborization of an intracellularly labeled chandelier cell in the CA1 region of rat 
hippocampus. Exp. Brain Res. 90, 519–525 (1992). 

238. Wang, Y., Zhang, P. & Wyskiel, D. R. Chandelier Cells in Functional and 
Dysfunctional Neural Circuits. Front. Neural Circuits 10, 33 (2016). 

239. Alcántara, S. & Ferrer, I. Postnatal development of parvalbumin immunoreactivity 
in the cerebral cortex of the cat. J. Comp. Neurol. 348, 133–149 (1994). 

240. Woodruff, A. R., Anderson, S. A. & Yuste, R. The enigmatic function of chandelier 
cells. Front. Neurosci. 4, 201 (2010). 

241. Defelipe, J., Hendry, S. H. C., Jones, E. G. & Schmechel, D. Variability in the 
terminations of GABAergic chandelier cell axons on initial segments of pyramidal 
cell axons in the monkey sensory-motor cortex. J. Comp. Neurol. 231, 364–384 
(1985). 

242. Inan, M. et al. Dense and overlapping innervation of pyramidal neurons by 
chandelier cells. J. Neurosci. 33, 1907–1914 (2013). 

243. Blazquez-Llorca, L. et al. Spatial distribution of neurons innervated by chandelier 
cells. Brain Struct. Funct. 220, 2817–2834 (2015). 

244. Howard, A., Tamas, G. & Soltesz, I. Lighting the chandelier: new vistas for axo-
axonic cells. Trends Neurosci. 28, 310–316 (2005). 

245. Cobb, S. R., Buhl, E. H., Halasy, K., Paulsen, O. & Somogyi, P. Synchronization 
of neuronal activity in hippocampus by individual GABAergic interneurons. Nature 
378, 75–78 (1995). 

246. Jiang, X. et al. Principles of connectivity among morphologically defined cell types 
in adult neocortex. Science 350, aac9462 (2015). 

247. Baude, A., Bleasdale, C., Dalezios, Y., Somogyi, P. & Klausberger, T. 
Immunoreactivity for the GABAA receptor alpha1 subunit, somatostatin and 
Connexin36 distinguishes axoaxonic, basket, and bistratified interneurons of the 
rat hippocampus. Cereb. Cortex 17, 2094–2107 (2007). 

248. Bennett, M. V. L. & Zukin, R. S. Electrical coupling and neuronal synchronization 
in the Mammalian brain. Neuron 41, 495–511 (2004). 

249. Ogiwara, I. et al. Nav1.1 localizes to axons of parvalbumin-positive inhibitory 
interneurons: a circuit basis for epileptic seizures in mice carrying an Scn1a gene 
mutation. J. Neurosci. 27, 5903–5914 (2007). 

250. Claes, L. et al. De novo mutations in the sodium-channel gene SCN1A cause 
severe myoclonic epilepsy of infancy. Am. J. Hum. Genet. 68, 1327–1332 (2001). 

251. Dravet, C. & Oguni, H. Dravet syndrome (severe myoclonic epilepsy in infancy). 
Handb. Clin. Neurol. 111, 627–633 (2013). 

252. Heron, S. E. et al. Sodium-channel defects in benign familial neonatal-infantile 
seizures. Lancet (London, England) 360, 851–852 (2002). 

253. Wimmer, V. C., Reid, C. A., So, E. Y.-W., Berkovic, S. F. & Petrou, S. Axon initial 
segment dysfunction in epilepsy. J. Physiol. 588, 1829–1840 (2010). 

254. Biervert, C. et al. A potassium channel mutation in neonatal human epilepsy. 
Science 279, 403–406 (1998). 

255. Castaldo, P. et al. Benign familial neonatal convulsions caused by altered gating 
of KCNQ2/KCNQ3 potassium channels. J. Neurosci. 22, RC199 (2002). 

256. Ohba, C. et al. Early onset epileptic encephalopathy caused by de novo SCN8A 
mutations. Epilepsia 55, 994–1000 (2014). 



 111 

257. Ferreira, M. A. R. et al. Collaborative genome-wide association analysis supports 
a role for ANK3 and CACNA1C in bipolar disorder. Nat. Genet. 40, 1056–1058 
(2008). 

258. Leussis, M. P. et al. The ANK3 bipolar disorder gene regulates psychiatric-related 
behaviors that are modulated by lithium and stress. Biol. Psychiatry 73, 683–690 
(2013). 

259. Lopez, A. Y. et al. Ankyrin-G isoform imbalance and interneuronopathy link 
epilepsy and bipolar disorder. Mol. Psychiatry 22, 1464–1472 (2017). 

260. Athanasiu, L. et al. Gene variants associated with schizophrenia in a Norwegian 
genome-wide study are  replicated in a large European cohort. J. Psychiatr. Res. 
44, 748–753 (2010). 

261. Awadalla, P. et al. Direct measure of the de novo mutation rate in autism and 
schizophrenia cohorts. Am. J. Hum. Genet. 87, 316–324 (2010). 

262. Parkinson, N. J. et al. Mutant beta-spectrin 4 causes auditory and motor 
neuropathies in quivering mice. Nat. Genet. 29, 61–65 (2001). 

263. Knierim, E. et al. A recessive mutation in beta-IV-spectrin (SPTBN4) associates 
with congenital myopathy, neuropathy, and central deafness. Hum. Genet. 136, 
903–910 (2017). 

264. Tohyama, J. et al. SPTAN1 encephalopathy: distinct phenotypes and genotypes. 
J. Hum. Genet. 60, 167–173 (2015). 

265. Saitsu, H. et al. Dominant-negative mutations in alpha-II spectrin cause West 
syndrome with severe  cerebral hypomyelination, spastic quadriplegia, and 
developmental delay. Am. J. Hum. Genet. 86, 881–891 (2010). 

266. Arellano, J. I., Munoz, A., Ballesteros-Yanez, I., Sola, R. G. & DeFelipe, J. 
Histopathology and reorganization of chandelier cells in the human epileptic 
sclerotic hippocampus. Brain 127, 45–64 (2004). 

267. Ribak, C. E. Axon terminals of GABAergic chandelier cells are lost at epileptic 
foci. Brain Res. 326, 251–260 (1985). 

268. Dinocourt, C., Petanjek, Z., Freund, T. F., Ben-Ari, Y. & Esclapez, M. Loss of 
interneurons innervating pyramidal cell dendrites and axon initial segments in the 
CA1 region of the hippocampus following pilocarpine-induced seizures. J. Comp. 
Neurol. 459, 407–425 (2003). 

269. Woo, T. U., Whitehead, R. E., Melchitzky, D. S. & Lewis, D. A. A subclass of 
prefrontal gamma-aminobutyric acid axon terminals are selectively altered in 
schizophrenia. Proc. Natl. Acad. Sci. U. S. A. 95, 5341–5346 (1998). 

270. Volk, D. W. et al. Reciprocal alterations in pre- and postsynaptic inhibitory 
markers at chandelier  cell inputs to pyramidal neurons in schizophrenia. Cereb. 
Cortex 12, 1063–1070 (2002). 

271. Nakamura, Y. et al. Proteomic Characterization of Inhibitory Synapses Using a 
Novel pHluorin-tagged gamma-Aminobutyric Acid Receptor, Type A (GABAA), 
alpha2 Subunit Knock-in Mouse. J. Biol. Chem. 291, 12394–12407 (2016). 

272. Moore, Y. E., Deeb, T. Z., Chadchankar, H., Brandon, N. J. & Moss, S. J. 
Potentiating KCC2 activity is sufficient to limit the onset and severity of seizures. 
Proc. Natl. Acad. Sci. U. S. A. 115, 10166–10171 (2018). 

273. Terunuma, M. et al. Postsynaptic GABAB receptor activity regulates excitatory 
neuronal architecture and spatial memory. J. Neurosci. 34, 804–816 (2014). 

274. Buzsaki, G. & Chrobak, J. J. Temporal structure in spatially organized neuronal 
ensembles: a role for interneuronal networks. Curr. Opin. Neurobiol. 5, 504–510 
(1995). 

275. Mann, E. O., Radcliffe, C. A. & Paulsen, O. Hippocampal gamma-frequency 
oscillations: from interneurones to pyramidal cells,  and back. J. Physiol. 562, 55–



 112 

63 (2005). 
276. Jones, N. C. et al. Effects of aberrant gamma frequency oscillations on prepulse 

inhibition. Int. J. Neuropsychopharmacol. 17, 1671–1681 (2014). 
277. Susuki, K. & Rasband, M. N. Spectrin and ankyrin-based cytoskeletons at 

polarized domains in myelinated axons. Exp. Biol. Med. (Maywood). 233, 394–
400 (2008). 

278. Song, A.-H. et al. A selective filter for cytoplasmic transport at the axon initial 
segment. Cell 136, 1148–1160 (2009). 

279. Tseng, W. C., Jenkins, P. M., Tanaka, M., Mooney, R. & Bennett, V. Giant 
ankyrin-G stabilizes somatodendritic GABAergic synapses through opposing 
endocytosis of GABAA receptors. Proc. Natl. Acad. Sci. U. S. A. 112, 1214–1219 
(2015). 

280. Clements, J. D. Transmitter timecourse in the synaptic cleft: its role in central 
synaptic function. Trends Neurosci. 19, 163–171 (1996). 

281. Otis, T. S., De Koninck, Y. & Mody, I. Lasting potentiation of inhibition is 
associated with an increased number of gamma-aminobutyric acid type A 
receptors activated during miniature inhibitory postsynaptic currents. Proc. Natl. 
Acad. Sci. U. S. A. 91, 7698–7702 (1994). 

282. Nusser, Z., Cull-Candy, S. & Farrant, M. Differences in synaptic GABA(A) 
receptor number underlie variation in GABA mini amplitude. Neuron 19, 697–709 
(1997). 

283. Crestani, F. et al. Decreased GABAA-receptor clustering results in enhanced 
anxiety and a bias for threat cues. Nat. Neurosci. 2, 833–839 (1999). 

284. Luscher, B., Fuchs, T. & Kilpatrick, C. L. GABAA receptor trafficking-mediated 
plasticity of inhibitory synapses. Neuron 70, 385–409 (2011). 

285. Knyazev, G. G. Motivation, emotion, and their inhibitory control mirrored in brain 
oscillations. Neurosci. Biobehav. Rev. 31, 377–395 (2007). 

286. Hotz, M. A., Ritz, R., Linder, L., Scollo-Lavizzari, G. & Haefeli, W. E. Auditory and 
electroencephalographic effects of midazolam and α-hydroxy-midazolam in 
healthy subjects. Br. J. Clin. Pharmacol. 49, 72–79 (2000). 

287. Gubner, N. R., Wilhelm, C. J., Phillips, T. J. & Mitchell, S. H. Strain differences in 
behavioral inhibition in a Go/No-go task demonstrated using 15  inbred mouse 
strains. Alcohol. Clin. Exp. Res. 34, 1353–1362 (2010). 

288. Lozano-Soldevilla, D., ter Huurne, N., Cools, R. & Jensen, O. GABAergic 
modulation of visual gamma and alpha oscillations and its consequences  for 
working memory performance. Curr. Biol. 24, 2878–2887 (2014). 

289. Gulyas, A. I., Miles, R., Hajos, N. & Freund, T. F. Precision and variability in 
postsynaptic target selection of inhibitory cells in the hippocampal CA3 region. 
Eur. J. Neurosci. 5, 1729–1751 (1993). 

290. Han, Z. S., Buhl, E. H., Lorinczi, Z. & Somogyi, P. A high degree of spatial 
selectivity in the axonal and dendritic domains of physiologically identified local-
circuit neurons in the dentate gyrus of the rat hippocampus. Eur. J. Neurosci. 5, 
395–410 (1993). 

291. Buhl, E. H., Halasy, K. & Somogyi, P. Diverse sources of hippocampal unitary 
inhibitory postsynaptic potentials and the number of synaptic release sites. Nature 
368, 823–828 (1994). 

292. Booker, S. A. & Vida, I. Morphological diversity and connectivity of hippocampal 
interneurons. Cell Tissue Res. 373, 619–641 (2018). 

293. Vida, I., Halasy, K., Szinyei, C., Somogyi, P. & Buhl, E. H. Unitary IPSPs evoked 
by interneurons at the stratum radiatum-stratum lacunosum-moleculare border in 
the CA1 area of the rat hippocampus in vitro. J. Physiol. 506 ( Pt 3), 755–773 



 113 

(1998). 
294. Somogyi, J., Szabo, A., Somogyi, P. & Lamsa, K. Molecular analysis of ivy cells of 

the hippocampal CA1 stratum radiatum using spectral identification of 
immunofluorophores. Front. Neural Circuits 6, 35 (2012). 

295. Miles, R., Tóth, K., Gulyás, A. I., Hájos, N. & Freund, T. F. Differences between 
Somatic and Dendritic Inhibition in the Hippocampus. Neuron 16, 815–823 (1996). 

296. Madani, R. et al. Impaired explorative behavior and neophobia in genetically 
modified mice lacking or overexpressing the extracellular serine protease inhibitor 
neuroserpin. Mol. Cell. Neurosci. 23, 473–494 (2003). 

297. Bailey, K. R. & Crawley, J. N. Anxiety-related behaviors in mice. in Methods of 
Behavior Analysis in Neuroscience (ed. Buccafusco, J.) (CRC Press/Taylor & 
Francis, 2009). 

298. Zanin, K. A. et al. Effects of zolpidem on sedation, anxiety, and memory in the 
plus-maze discriminative avoidance task. Psychopharmacology (Berl). 226, 459–
474 (2013). 

299. Sharma, S., Puttachary, S., Thippeswamy, A., Kanthasamy, A. G. & 
Thippeswamy, T. Status Epilepticus: Behavioral and Electroencephalography 
Seizure Correlates in Kainate Experimental Models   . Frontiers in Neurology   9, 7 
(2018). 

300. Smith, B. N. Inhibitory neurons cut a new path in epilepsy development. Epilepsy 
Curr. 14, 213–214 (2014). 

 


