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Abstract 

Targeting, clustering and immobilization of the neurotransmitter receptors is a complex process of molecular 

organization. At the postsynaptic level, anchoring protein model has been proposed for the mechanism of this 

organization.  NMDA type of Glutamate receptors are anchored by the PSD 95 at the postsynaptic membrane. Gephyrin 

is essential for the anchoring of Glycine receptors and so Agrin for the Acetylcholine receptors at the post synaptic sites. 

In line with this, for GABA (A) receptors (GABAARs), the similar concept has been expected but the heterogeneity and 

complexity of GABAARs make their analysis extremely difficult. This paper will briefly discuss the current perspectives 

on the clustering of selected GABAAR subtypes in terms of anchoring protein model. 
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1. Introduction 

Brain information processing depends on neural 

circuits, mediated by excitatory and inhibitory 

signals (Koch et al., 1983). These signals are 

generated by neurotransmitters like Glutamate, 

Acetylcholine, Glycine or GABA. When released 

from the pre-synaptic neuron, each neurotransmitter 

binds to its own receptor, leading to a change in its 

conformation and thus changing the receptors ionic 

permeability. It is this change in the ionic 

permeability that has the capability to alter the 

membrane potential of neurons which is 

approximately -70 mV at resting state. One of the 

factors important for this phenomenon is the 

clustering of neurotransmitter receptors targeted and 

immobilized in the special domains of the cell 

membrane. Targeting, clustering and immobilization 

of the neurotransmitter receptors is a complex 

process of molecular organization and at the 

postsynaptic level, anchoring protein model has been 

proposed for the clustering mechanism of 

neurotransmitter receptors like acetylcholine, glycine 

or NMDA receptors. For example NMDA type of 

Glutamate receptors are anchored by the PSD 95 at 

the postsynaptic membrane (Sheng and Pak, 1999; 

van Zundert, et al., 2004, Elias et al., 2008). 

Gephyrin is essential for the anchoring of Glycine 

receptors (Kirsch et al., 1993; Kirsch et al., 1995; 

Kneussel et al., 1999; Schrader et al., 2004; Feng, et 

al., 1998; Kimet al., 2006) and so Agrin for the 

Acetylcholine receptors (McMahan, et al., 1990; 

Bezakova and Ruegg, 2003; Kummer et al., 2006) at 

the post synaptic sites. Similarly for GABAARs 

(Gamma-aminobutyric acid type A receptors), the 

same mechanism has been expected but the 

heterogeneity and complexity of these receptors 

make their analysis very difficult. In this paper, I will 

discuss the current perspectives on the clustering of 

GABAARs.  

2. GABAARs: The chloride channels  

GABAARs are GABA gated heteropentameric 

chloride channels and major sites of inhibitory 

neurotransmission in the mammalian brain. The 

subunits are encoded by 19 genes 

and 

subunit composition determines the receptor’s 

distribution both in cellular and sub-cellular level 

(Fritschy and Mohler, 1995; Sieghart and Sperk 

2002; Sun et al., 2004).  

Until last year, the structure of GABAARs was based 

on the homology modeling (Sine and Engel, 2006) 

but the crystallized structure of homomeric3 

subunit containing GABAARs (GABAAR-3cryst) at 

3Å resolution have finally revealed the receptor 

structure for the first time (Miller and Aricescu, 

2014). The receptor, composed of five subunits and  

arranged around a central pore, has a cylindrical 

shape with a height of 110Å and with a diameter of 

60 to 80Å. Each subunit has a long N- terminus and 

a short C terminus both located extracellularly, four 

transmembrane domains(TM1–TM4), a large 
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intracellular loop between the third and fourth 

transmembrane domains. Each extracellular domain 

has an amino-terminal -helix (1) followed by ten 

strands.  

 

The most abundant receptor subtype of GABAARs 

is the  subunit combination (GABAARs) 

with a stoichiometry of 2 , 2  and 1 2 subunit 

(Benke et al., 1991; Tretter et al., 1997; Sieghart 

and Sperk, 2002). Clustered at the postysynaptic 

sites (Fujiyama, et al., 2000, 2002), besides to 

nonsynaptic regions, GABAARs are in the close 

proximity of GABA release from presynaptic 

neuron and quickly respond to GABA by allowing 

chloride influx to the cell and thus causing a strong 

hyperpolarization and mediating fast phasic 

inhibition (Farrant & Nusser, 2005).  On the other 

hand, some GABAAR subtypes are not located in 

the synapses. Electron microscopy studies clearly 

show that these receptors are non-synaptic (Nusser 

et al., 1998; Wei et al., 2003). So called extra-

synaptic receptors, these receptors specifically 

contain subunit (Sommer et al., 1990) together 

with 2 and 2 subunits (Shivers et al., 1989; 

Jones et al., 1997, Patel et al., 2014), have higher 

affinity for GABA and mediate slow, tonic 

inhibition (Hausser and Clark, 1997; Farrant & 

Nusser, 2005). Another subset of GABA receptors 

containing 5,  and 2 subunits are mostly 

extrasynaptic also (Kneussel, 2005; Loebrich et al., 

2006). Therefore, different GABAAR subtypes have 

different subcellular distribution, i.e., synaptic 

and/or extrasynaptic, or perisynaptic. However the 

factors underlying the mechanisms involved in the 

differential distribution of receptor subtypes are not 

well understood. In this study we will focus on the 

clustering of  and subunit containing receptor 

subtypes since these subunits involved in different 

physiological functions (phasic and tonic), never 

co-assemble, and have different subcellular 

distribution.  

 
3. Clustering of GABAARsubtypes: 

GABAARs and GABAARs 

GABAARs are assembled in the endoplasmic 

reticulum and microtubule-based transport mediates 

their mobility. Upon their arrival to the plasma 

membrane, the receptors diffuse laterally in the 

cell’s surface but their interaction with specific 

adaptor proteins bound to scaffolding proteins with 

elements of cytoskeleton leads to the stabilization of 

neurotransmitter receptors at specific domains of 

plasma membrane (Tretter and Moss, 2008).Still, we 

cannot propose a mechanism for the membrane 

clustering for GABAARs in general but perhaps 

mechanisms may be proposed for different receptor 

subtypes. 

 

In this context, GABAARs correspond to one 

receptor subtype.2 subunit is specifically essential 

for the process of synaptic clustering (Essrich et al., 

1998). Despite this, synaptic currents have been 

detected in neurons obtained from2knock-out 

mice. It appears like3subunit is a candidate for 

clustering GABAARs at synapses in the absence of 

the2subunit at least for certain neurons (Kerti-

Szigeti et al., 2014). Another molecular factor that 

might be important in the clustering of 

GABAARs is the Gephyrin. Current literature 

suggests that the clustering of GABAARs in the 

postsynaptic membrane is facilitated by interaction 

of gephyrin with the cytoplasmic domain 

ofsubunit (Tretter et al., 2008, 2012; Mukherjee et 

al., 2011).However gephyrin is required for 

clustering of GABAARs that contain the2 

subunit together with the2 or 3 subunit but not 

with1 subunit (Essrich et al., 1998; Kneussel et 

al., 1999, 2001; Tretter et all., 2011). Yeast 2-

hybrid studies and glutathione S-transferase pull 

down assays show that Gephyrin interacts with 

GABAAR associated protein (GABARAP) 

(Kneussel et al., 2000; Kneussel and Loebrich, 

2007).  However, these two proteins are never co-

localized in neurons and GABARAP is not found 

in the inhibitory synapses (Kneussel et al., 2000; 

Kittler, et al., 2001). Moreover studies of 

GABARAP deficient mice show that the number of 

GABAARs is not affected by the loss of 

GABARAP and immunostaining revealed no 

differences in the clustering of the 2 subunit and 

the gephyrin (O'Sullivan et al., 2005).Conversely, 

GABARAP is not essential for the clustering 

GABAARs but gephyrin is the anchoring 

protein of at least certain combinations of 

GABAARs clustered synaptically. Other 

GABAAR related proteins involve but not limited 

to some gephyrin interacting proteins like 

collybistin (Kins et al, 2000).  

 

Although Gephyrin appears as a central protein for 

the postsynaptic clustering of some GABAARs, 

it is essentially dispensable for the clustering of 

extra-synaptic receptors (cited in Arslan et al., 

2014). Extrasynaptic receptors are likely have their 

own assembly of proteins for their special 

arrangement in the extrasynaptic sites. For example 

radixin has been identified as anchoring protein for 

5 containing GABAARs subtypes (Loebrich et al., 

2006) which are extrasynaptic (Brünig et al., 2002).  

Is that the same case for the extrasynaptic 

GABAARs? -GABAARs, are typically 
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composed of 6 and  subunits in the cerebellum 

(Jones et al, 1997); and composed of 4 and 

subunits in the forebrain (Peng et al., 2002; Jia et 

al., 2005; Chandra et al., 2006). Electron 

microscopy data show that they are located extra-

synaptically or perisynaptically in these regions 

(Nusser et al., 1998; Wei et al., 2003). There is no 

any protein identified so far associated with the 

process of extrasynaptic clustering of -GABAARs 

but subunit and subunit might have an active 

role in this process. Studies show that when a 

gephyrin-binding site is introduced into the 

intracellular domain of α6 and δ subunits, -

GABAARs became closer to the synaptic sites (Wu, 

et al., 2012). Besides, targeting of δ-γ2 chimeric 

subunits to synaptic or extrasynaptic sites has been 

found to be dependent on the co-assembly with the 

α2 or α6 subunit. (Wu, et al., 2012) Therefore, the 

α subunit isoforms, together with the γ2 and δ 

subunits is likely play a significant role in synaptic 

or extrasynaptic targeting of GABAARs, 

respectively. This view has been further supported 

for the δ subunit by the studies of recombinant δ-γ2 

subunits expressed in primary cultures of neurons. 

By focusing on 2-GABAARs and - GABAARs, 

Arslan et al. (2014) comparatively analyzed the 

differential clustering of synaptic and extra-

synaptic GABAARs in hippocampal neurons and 

suggested that extra-synaptic clustering of - 

GABAARs is dependent on the cytoplasmic loop 

of subunit probably via an active process (Arslan 

et al., 2014). As a result, these studies make the 

subunit and especially its cytoplasmic domain as 

strong candidate influential in the process of 

extrasynaptic clustering of corresponding receptor 

subtypes. Thus, in order to identify any anchoring 

protein which may be involved in the extrasynaptic 

clustering GABAARs, subunit and its 

cytoplasmic domain should be further analyzed by 

proteomics and yeast 2-hybrid screens. 

 

4. Conclusion 

The heterogeneity and complexity of GABAARs 

make the analysis of their differential clustering 

extremely difficult. Despite this, some progress has 

been achieved in understanding the process of 

synaptic and extrasynaptic GABAARs clustering. In 

line with anchoring protein model, Gephyrin is 

essential for the anchoring of some subtypes 

GABAARs that contain the 2 subunit together 

with the 2 or 3 subunit (but not with 1). 

Regarding GABAARs, there is less information 

but the emerging data for the importance of  

subunit may better guide the design of new studies 

aiming to identify novel proteins involved in the 

process. Thus, more progress is expected in the 

field to understand the molecular machinery 

involved in the process of differential clustering of 

GABAAR subtypes.  

References 

Arslan A, von Engelhardt J, Wisden W. (2014) 

Cytoplasmic domain of δ subunit is important for the 

extra-synaptic targeting of GABAA receptor subtypes. J 

Integr Neurosci. 13(4):617-31. 

 

Benke D, Mertens S, Trzeciak A, Gillessen D, Mohler 

H.(1991) GABAA receptors display association of 

gamma 2-subunit with alpha 1- and beta 2/3-subunits. J 

Biol Chem. 5;266(7):4478-83. 

 

Bezakova G, Ruegg MA.(2003) New insights into the 

roles of agrin. Nat Rev Mol Cell Biol. Apr;4(4):295-308. 

 

Brünig I, Scotti E, Sidler C, Fritschy JM. (2002) Intact 

sorting, targeting, and clustering of gamma-

aminobutyric acid A receptor subtypes in hippocampal 

neurons  in vitro. J Comp Neurol. 443(1):43-55. 

 

Chandra D, Jia F, Liang J, Peng Z, Suryanarayanan A, 

Werner DF, Spigelman I, Houser CR, Olsen RW, 

Harrison NL, Homanics GE. (2006) GABAA receptor 

alpha 4 subunits mediate extrasynaptic inhibition in 

thalamus and dentate gyrus and the action of gaboxadol. 

Proc Natl Acad Sci U S A. 103(41):15230-5. 

 

Elias GM, Elias LA, Apostolides PF, Kriegstein AR, 

Nicoll RA. (2008) Differential trafficking of AMPA and 

NMDA receptors by SAP102 and PSD-95 underlies 

synapse development. Proc Natl Acad Sci U S A. Dec 

30;105(52):20953-8.  

 

Essrich C, Lorez M, Benson JA, Fritschy JM, Lüscher 

B. (1998) Postsynaptic clustering of major GABAA 

receptor subtypes requires the gamma 2 subunit and 

gephyrin. Nat Neurosci. (7):563-71. 

 

Farrant, M., Nusser, Z. (2005) Variations on an 

inhibitory theme: phasic and tonic activation of GABAA 

receptors. Nat Rev Neurosci., 6:215-229. 

 

Feng G, Tintrup H, Kirsch J, Nichol MC, Kuhse J, Betz 

H, Sanes JR. (1998) Dual requirement for gephyrin in 

glycine receptor clustering and molybdoenzyme activity. 

Science, 282(5392):1321-4. 

 

Fritschy, J.M., Mohler, H. (1995) GABAA-receptor 

heterogeneity in the adult rat brain: differential regional 

and cellular distribution of seven major subunits. J 

Comp Neurol., 359:154-194. 

 

Fujiyama, F., Fritschy, J.M., Stephenson, F.A., Bolam, 

J.P. (2000) Synaptic localization of GABAA receptor 

subunits in the striatum of the rat. J. Comp. Neurol., 

416:158-172. 

 



31 

 
DOI: 10.21533/pen.v3i1.4 

Fujiyama, F., Stephenson, F.A., Bolam, J.P. (2002) 

Synaptic localization of GABAA receptor subunits in 

the substantia nigra of the rat: effects of quinolinic acid 

lesions of the striatum. Eur J Neurosci., 15:1961-1975. 

 

Goetz, T., Arslan, A., Wisden, W., Wulff, P., (2007) 

GABAA receptor structure and function in the basal 

ganglia. Prog. Brain Res. 160: 21-41. 

 
Hausser, M. and Clark, B.A. (1997) Tonic synaptic 

inhibition modulates neuronal output pattern and 

spatiotemporal synaptic integration Neuron 19 (3) 665-

78. 

 

Hamann, M., Rossi, D.J., Attwell, D., (2002) Tonic and 

spillover inhibition of granule cells control information 

flow through cerebellar cortex. Neuron 33(4): 625-33. 

 

Jia F, Pignataro L, Schofield CM, Yue M, Harrison NL, 

Goldstein PA. (2005) An extrasynaptic GABAA 

receptor mediates tonic inhibition in thalamic VB 

neurons. J Neurophysiol. 94(6):4491-501. Epub 2005 

Sep 14. 

 

Jones, A., Korpi, E.R., McKernan, R.M., Pelz, R., 

Nusser, Z., Makela, R., Mellor, J.R., Pollard, S., Bahn, 

S., Stephenson, F.A., Randall, A.D., Sieghart, W., 

Somogyi, P., Smith, A.J., Wisden, W. (1997) Ligand-

gated ion channel subunit partnerships: GABAA 

receptor a6 subunit gene inactivation inhibits delta 

subunit expression. J Neurosci., 17:1350-1362. 

 

Kerti-Szigeti K, Nusser Z, Eyre MD. Synaptic GABAA 

receptor clustering without the γ2 subunit. J Neurosci. 

2014 Jul 30;34(31):10219-33.  

 

Kim EY, Schrader N, Smolinsky B, Bedet C, Vannier C, 

Schwarz G, Schindelin H.(2006) Deciphering the 

structural framework of glycine receptor anchoring by 

gephyrin. EMBO J.  25(6):1385-95. 

 

Kins S, Betz H, Kirsch J. (2000) Collybistin, a newly 

identified brain-specific GEF, induces submembrane 

clustering of gephyrin. Nat Neurosci. 3(1):22-9. 

 

Kirsch J, Kuhse J, Betz H. (1995) Targeting of glycine 

receptor subunits to gephyrin-rich domains in 

transfected human embryonic kidney cells. Mol Cell 

Neurosci. 6(5):450-61. 

 

Kirsch J, Wolters I, Triller A, Betz H. (1993) Gephyrin 

antisense oligonucleotides prevent glycine receptor 

clustering in spinal neurons. Nature, 366(6457):745-8. 

 

Kittler JT, Rostaing P, Schiavo G, Fritschy JM, Olsen R, 

Triller A, Moss SJ. 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. 2001 

Jul;18(1):13-25. 

 

Kneussel M, Hermann A, Kirsch J, Betz H. (1999) 

Hydrophobic interactions mediate binding of the glycine 

receptor beta-subunit to gephyrin. J Neurochem. 

72(3):1323-6. 

 

Kneussel M, Haverkamp S, Fuhrmann JC, Wang H, 

Wässle H, Olsen RW, Betz H. (2000) The  gamma-

aminobutyric acid type A receptor (GABAAR)-

associated protein GABARAP interacts with gephyrin 

but is not involved in receptor anchoring at the synapse. 

Proc Natl Acad Sci U S A. Jul 18;97(15):8594-9. 

 

Kneussel M, Loebrich S. (2007) Trafficking and 

synaptic anchoring of ionotropic inhibitory 

neurotransmitter receptors. Biol Cell. Jun;99(6):297-309. 

 

Koch, C., Poggio, T., Torre, V. (1983) Nonlinear 

interactions in a dendritic tree: localization, timing, and 

role in information processing. Proc Natl Acad Sci 80: 

2799-2802 

 

Kummer TT, Misgeld T, Sanes JR. (2006) Assembly of 

the postsynaptic membrane at the neuromuscular 

junction: paradigm lost. Curr Opin Neurobiol. 16(1):74-

82. 

 

Lévi S, Logan SM, Tovar KR, Craig AM. (2004) 

Gephyrin is critical for glycine receptor clustering but 

not for the formation of functional GABAergic synapses 

in hippocampal neurons. J Neurosci. 24(1):207-17. 

 

Loebrich S, Bähring R, Katsuno T, Tsukita S, Kneussel 

M. (2006) Activated radixin is  essential for GABAA 

receptor alpha5 subunit anchoring at the actin 

cytoskeleton. EMBO J. 25(5):987-99. 

 

McMahan UJ. (1990) The agrin hypothesis. Cold Spring 

Harb Symp Quant Biol. 1990; 55:407-18. 

 

Miller PS, Aricescu AR. (2014) Crystal structure of a 

human GABAA receptor. Nature. 21; 512(7514):270-5.  

 

Mukherjee J, Kretschmannova K, Gouzer G, Maric HM, 

Ramsden S, Tretter V, Harvey K, Davies PA, Triller A, 

Schindelin H, Moss SJ. (2011) The residence time of 

GABA(A)Rs at inhibitory synapses is determined by 

direct binding of the receptor α1 subunit to gephyrin. J 

Neurosci. 31(41):14677-87. 

 

Nusser, Z., Sieghart, W., Somogyi, P. (1998) 

Segregation of different GABAA receptors to synaptic 

and extrasynaptic membranes of cerebellar granule cells. 

J Neurosci., 18:1693-1703. 

 

O'Sullivan GA, Kneussel M, Elazar Z, Betz H. (2005) 

GABARAP is not essential for GABA receptor targeting 

to the synapse. Eur J Neurosci. 22(10):2644-8. 

 

Patel B, Mortensen M, Smart TG. (2014) Stoichiometry 

of δ subunit containing GABA(A)  

receptors. Br J Pharmacol. 171(4):985-94. 

 



32 

 
DOI: 10.21533/pen.v3i1.4 

Peng Z, Hauer B, Mihalek RM, Homanics GE, Sieghart 

W, Olsen RW, Houser CR. (2002)GABA(A) receptor 

changes in delta subunit-deficient mice: altered 

expression ofalpha4 and gamma2 subunits in the 

forebrain. J Comp Neurol. 446(2):179-97. 

 

Schrader N, Kim EY, Winking J, Paulukat J, Schindelin 

H, Schwarz G.(2004) Biochemical characterization of 

the high affinity binding between the glycine receptor 

and gephyrin. J Biol Chem. 279(18):18733-41. 

 

Semyanov, A., Walker, M.C., Kullmann, D.M., Silver, 

R.A. (2004) Tonically active GABAA receptors: 

modulating gain and maintaining the tone. Trends 

Neurosci., 27:262-269.7.  

 

Sheng M, Pak DT. Glutamate receptor anchoring 

proteins and the molecular organization of excitatory 

synapses. Ann N Y Acad Sci. 1999 Apr 30; 868:483-93. 

 

Shivers BD, Killisch I, Sprengel R, Sontheimer H, 

Köhler M, Schofield PR, Seeburg PH. (1989) Two novel 

GABAA receptor subunits exist in distinct neuronal 

subpopulations. Neuron. 3(3):327-37. 

 

Sieghart, W., Sperk, G. (2002) Subunit composition, 

distribution and function of GABAA receptor subtypes. 

Curr Top Med Chem., 2:795-816. 

 

Sine, S.M., Engel, A.G. (2006) Recent advances in Cys-

loop receptor structure and function. Nature 440: 448-

455 

Sommer B, Poustka A, Spurr NK, Seeburg PH. (1990) 

The murine GABAA receptor delta-subunit gene: 

structure and assignment to human chromosome 1. DNA 

Cell Biol. 9(8):561-8. 

 

Sun, C., Sieghart, W., Kapur, J. (2004), Distribution of 

a1, a4, g2, and d subunits of GABAA receptors in 

hippocampal granule cells. Brain Research 1029: 207– 

216. 

 

Tretter V, Mukherjee J, Maric HM, Schindelin H, 

Sieghart W, Moss SJ. (2012) Gephyrin, the enigmatic 

organizer at GABAergic synapses. Front Cell Neurosci. 

May 15;6:23. 

 

Tretter V, Kerschner B, Milenkovic I, Ramsden SL, 

Ramerstorfer J, Saiepour L, Maric HM, Moss SJ, 

Schindelin H, Harvey RJ, Sieghart W, Harvey K. (2011) 

Molecular basis of the γ-aminobutyric acid A receptor 

α3 subunit interaction with the clustering protein 

gephyrin. J Biol Chem. 286(43):37702-11. 

 

Tretter V, Moss SJ. (2008) GABA(A) Receptor 

Dynamics and Constructing GABAergic Synapses. 

Front Mol Neurosci. May 30;1:7 

 

Tretter V, Ehya N, Fuchs K, Sieghart W. (1997) 

Stoichiometry and assembly of a recombinant GABAA 

receptor subtype. J Neurosci. 17(8):2728-37. 

 

Wei, W., Zhang, N., Peng, Z., Houser, C.R., Mody, I. 

(2003) Perisynaptic localization of delta subunit-

containing GABAA receptors and their activation by 

GABA spillover in the mouse dentate gyrus. J Neurosci., 

23: 10650-10661. 

 

Wu X, Wu Z, Ning G, Guo Y, Ali R, Macdonald RL, De 

Blas AL, Luscher B, Chen G. (2012)γ-Aminobutyric 

acid type A (GABAA) receptor α subunits play a direct 

role in synaptic versus extrasynaptic targeting. J Biol 

Chem. 2012 Aug 10;287(33):27417-30. 

 

van Zundert B, Yoshii A, Constantine-Paton M. (2004) 

Receptor compartmentalizationand trafficking at 

glutamate synapses: a developmental proposal. Trends 

Neurosci.2004 Jul;27(7):428-37. 

 

 

 


