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ABSTRACT

y-Aminobutyric acid type A (GABA^) receptors are members of the ligand 

gated ion channel superfamily and are the major sites of fast synaptic inhibition in 

the brain. GABA^ receptors are clustered at inhibitory synapses, however, precisely 

how these receptors are inserted into postsynaptic membranes and stabilised at 

synapses remains unknown. The focus of this thesis is to further understand the 

mechanisms important for the targeting and cell surface stability of ionotropic 

GABA^ receptors.

To examine the membrane trafficking of these receptors a fusion protein of 

the y2L subunit with green fluorescent protein (GFP) was produced. This fusion 

protein was functional and allowed the visualisation of receptor membrane targeting 

and endocytosis in live cells. Interestingly, the targeting of this construct to 

GABAergic synapses in cultured hippocampal neurones was dependent upon 

coassembly with receptor a  and p subunits. This suggests that the assembly and 

membrane targeting of GABA^ receptors containing the y2 subunit follow similar 

itineraries in heterologous systems and neurones.

GABAa receptor P and y subunits were also found to associate with the 

adaptin complex AP2, a protein implicated in the recruitment of transmembrane 

proteins into clathrin coated pits. Furthermore, in cultured hippocampal neurones 

blocking dynamin-dependant endocytosis caused a gradual increase in the amplitude 

of mIPSCs that reached a plateau at 1.7 to 2.3-fold of it’s control value within 40-50 

min. These results suggest there must be a relatively fast turnover of GABA^ 

receptors between the cell surface and intracellular compartments.



To further study the role of the GABA^ receptor binding partner, 

GABARAP, we compared the subcellular distribution of this protein with that of 

gephyrin, a protein important for GABA^ receptor synaptic clustering. In cultured 

hippocampal neurones GABARAP associated weakly with synaptic GABA^ receptor 

and gephyrin clusters. However, GABARAP was found at high levels on 

intracellular membrane compartments including the Golgi and subsynaptic 

cisternae. Furthermore, GABARAP was found to associate with N-ethylmaleimide 

sensitive factor (NSF), a protein essential for intracellular membrane transport 

events and important for receptor trafficking. This suggests that GABARAP may act 

to facilitate the trafficking of GABA^ receptors via it’s ability to interact with NSF.

The results presented in this thesis suggest that GABA  ̂receptors cycle into 

and out of the plasma membrane in a process that may be regulated by their 

association with adaptin complexes and recruitment of NSF via GABARAP. This 

may allow neurones to specifically modify cell surface receptor levels which may 

have a critical role in controlling the efficacy of inhibitory synaptic transmission.
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CHAPTER 1

1.1 GABA is the major inhibitory neurotransmitter in the brain

y-aminobutyric acid (GABA) is the major inhibitory neurotransm itter in the brain 

and it is estimated that at least one third of synapses are GABAergic (Bloom and Iverson, 

1971). GABA was originally discovered as an inhibitory neurotransm itter in crustacean 

neurones (Boistel and Fatt, 1958). M echanism s for the synthesis, storage, presynaptic 

release, postsynaptic action and removal of GABA were discovered in the mammalian 

central nervous system, fulfilling the criteria for a vertebrate neurotransmitter. GABA can 

be found in high concentrations in the mammalian brain (Awapara et al., 1950; Neal and 

Iversen, 1969) and it’s application to cortical neurones was found to induce membrane 

hyperpolarization with similar reversal potentials to inhibitory postsynaptic potentials 

(IPSPs) (Krnjevic and Schwartz, 1967). A specific mechanism for the removal of GABA 

was dem onstrated by the ability of neurones to take up [^H] GABA through a high 

affinity transporter (Iverson and Neal, 1968). GABA taken up by cultured neurones 

could then, following potassium  induced depolarisation of the cell, be released in a 

calcium dependent manner (Iversen et al., 1970; Farb et al., 1979). Furthermore, evidence 

for the presence of the GABA synthesising enzyme glutamic acid decarboxylase (GAD) 

was provided when it was shown that application of [^H] glutamate to cultured neurones 

resulted in the synthesis and storage of [^H] GABA (Rando et al., 1981).

1.2 Three distinct classes of GABA response

Based on pharmacological and electrophysiological methodologies three classes of 

GABA receptor have been identified. Initially the presence of only a single type of GABA 

receptor was known. This receptor was activated by m uscim ol and inhibited by

16



bicuculline and its activation leads to opening of an integral chloride channel resulting in 

a rapid hyperpolarisation of the membrane potential. Follow ing the identification of a 

novel G ABA  receptor by Hill and Bowery (1981) the classical GABA receptor was 

termed GABA^ and the novel receptor GABAg. This novel receptor, is insensitive to 

bicuculine and muscimol, is activated by baclofen, inhibited by 2-hydroxysaclofen and 

produces a slow er inhibitory current (Bowery, 1980; Hill and Bowery, 1981). This 

receptor couples to G-proteins to inhibit adenylyl cyclase and to activate potassium  

channels and inhibit calcium channels (Bormann, 1988) and was recently identified to be 

a seven transm embrane G-protein coupled receptor (Kaupmann et al., 1997). Following 

the discovery that the GABA analogue cis-4-am inocrotonic acid (CACA) could inhibit 

neuronal activity in a bicuculline insensitive manner a third class of GABA response was 

proposed and termed GAB Ac (Drew et al., 1984). The receptors for this response, are 

activated by GABA and CACA, insensitive to both bicuculline and baclofen, inhibited by 

picrotoxin, and assemble from a subclass of GABA^ receptor subunits to form GAB Ac 

receptors (Shimada et al., 1992; Feigenspan et al., 1993; Qian and Dowling, 1993).

1.3 Pharmacology of the GABA^ receptor

GABA^ receptors are the sites of action for a range o f therapeutic agents, 

including the benzodiazepines, barbiturates, steroids and anaesthetics (M acdonald and 

Olsen 1994; Rabow et al., 1995). These drugs act by modulating a number of properties of 

the chloride channel. Benzodiazepines such as valium and diazepam  act to potentiate 

G A BA -responses by increasing the frequency of channel opening w ithout having a 

m easurable effect on channel open time or conductance (Study and Barker, 1981). 

B arbiturates can both potentiate GABA responses and, at higher concentrations can 

directly activate the receptor channel. Barbiturate enhancem ent of GABA responses 

occurs by increasing average channel open time without affecting channel conductance or

17



opening frequency (Jackson et al., 1992). GABA^ receptors are also the site of action of a 

num ber of steroids including progesterone, corticosterone, testosterone and steroid 

anaesthetics. They are thought to potentiate GABA responses by increasing both the 

frequency and open time of channel opening (Twyman and M acdonald, 1992). A number 

of general anaesthetics such as isoflurane and halothane increase GABA-induced currents 

by potentiating the action of GABA or by directly activating the channel. Ethanol has also 

been shown to have a potentiating effect on GABA^ receptors (Dietrich et al., 1989) with 

sites on receptor transmembrane domains believed to be required for receptor modulation 

(Mihic et al., 1997).

GABA^ receptors are also inhibited by a number of other pharmacological agents. 

Picrotoxin, a plant convulsant is a non-com petitive GABA^ receptor inhibitor that is 

thought to act by binding to a site within the channel (Zhang et al., 1994) leading to 

stabilisation of receptors in an agonist bound desensitised state (Newland and Cull-Candy, 

1992). GABA^ receptors are also the target of a number of alosteric inhibitors including 

Zn2+ (Smart, 1992), the anticonvulsant, loreclezole (W afford et al., 1994) and the 

antihelminthic compound, invermectin (Krusek and Zemkova, 1994).

1.4 Molecular biology of GABA^ receptors

Benzodiazepine affinity chromatography allowed the purification of two GABA^ 

receptor subunits. Analysis using denaturing sodium dodecyl sulphate polyacrylam ide gel 

electrophoresis (SDS-PAGE) revealed these to be a 53 kDa a  subunit and 58 kDa (3 

subunit (Sigel et al., 1982; Sigel et al., 1983; Sigel and B arnard, 1984). Peptide 

m icrosequencing of these purified receptor subunits provided sufficient inform ation to 

design oligonucleotide probes for screening bovine cDNA libraries. This resulted in the 

cloning of an a  subunit of 456 amino acids and (3 subunit of 474 amino acids (Scholfield 

et al., 1987). Co-injection into Xenopus oocytes of cRNA in vitro transcribed from the
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receptor a  and (3 subunit cDNAs resulted in the form ation of GABA gated chloride 

channels. Analysis of the deduced amino acid sequence o f the a  and (3 subunit revealed 

that these receptors showed significant homology with each other and with the nicotinic 

acetylcholine receptor (nAChR) (Noda et al., 1982). GABA^ receptors and nAChR are 

members of the ligand gated ion channel superfam ily that also contains the glycine 

receptor (Grennigloh et al., 1987), and 5-hydroxytryptamine (S-HT^) receptor (Marieq et 

al., 1991). The members of this family have a similar subunit topology consisting of a 

cleavable signal sequence, large extracellular amino terminus, four transmembrane (TM) 

domains and a large intracellular loop between TM domains III and IV (Fig. 1). Molecular 

weights of 240 kDa for GABA^ receptor (Mamalaki et al., 1989), 290 kDa for the nACh 

receptor (Lindstrom et al., 1979) and 260 kDa for the glycine receptor (Langosch et al., 

1988) are consistent with these ion channels being pentam eric assem blies of subunits. 

Evidence for the quaternary structure of a ligand gated ion channel has been obtained for 

the nAChR. The very high expression levels of nACh receptors in the electric organ of 

Torpedo califorinca  have allowed purification of the receptor in a semi-crystaline array 

(Unwin, 1988). This has allowed electron microscopic analysis of the channels to 9 

angstroms resolution, confirm ing that these receptors are pentamers arranged around a 

central aqueous pore (Unwin, 1988, 1995). Analysis of the rotational sym m etries of 

GABA^ receptors suggest that the m ajority of these receptors are also pentam eric 

(Nayeem et al., 1994).

1.5 Subunit diversity

Following the cloning of the a l  and p i GABA^ receptor subunits (Scholfield et 

al., 1987) a large number of other subunits were identified by screening cDNA libraries 

with degenerate oligonucleotides to a conserved region in TM II. Five additional a
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Figure liGABA^ receptore structure.
A) Transmembrane topology of an ionotropic GABA receptor subunit. The protein 
Has a large extracellular N-terminus, four transmembrane domains (TM 1-lV), and 
a large intracellular loop between TM III and TM IV.
B)Proposed pentameric arrangement of homologous subunits lining a central anion 
selective pore. The pore is lined by the second transmembrane domain (TM II) of 
each subunit.
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subunits were identified: a2 , a 3  (Levitan et al., 1988a,b), a 4  (Ymer et al., 1989a), a5  

(Khrestchatisky et al., 1989; M alherbe et al., 1990) and a 6 (Kato, 1990; Luddens et al., 

1990). A further 3 (3 subunits were also cloned, (32 and (33 from rat and bovine brain 

(Ymer et al., 1989b) and (34 which is only found in chicken (Lasham et al., 1991). A 

novel class of subunit isoform was identified with the cloning of the y2 subunit, which has 

42% identity to the a l  subunit and 35% similarity to the (31 subunit, yl (Ymer et al.,

1990) and y3 (W ilson-Shaw et al., 1991) subunits were also identified and in addition a 

chicken specific y4 subunit has also been isolated (Harvey et al., 1993). A fourth class of 

subunit, Ô, was also identified from cDNA library screens and has 35% similarity to a , (3 

and y subunits (Shivers et al., 1989). More recently, two additional receptor subunits have 

been identified from express sequence tag (EST) databases. The e subunit (Davies et al., 

1997a; W hiting et al., 1997) is most closely related to a , (3 and y subunits whereas the 7i 

subunit is most similar to (3 and 8 subunits and is predominantly expressed in uterus with 

only very low levels found in brain (Hedblom  and Kirkness, 1997). The p class of 

GABA^ receptor subunit has three members (p 1-3) and has closest homology to GABA^ 

receptor (3 subunits but has the lowest homology to other subunit m em bers overall 

(Cutting et al., 1991; Ogurusu and Shingai, 1996; W ang et al., 1994). Expression of the 

p 1 subunit in X enopus  Oocytes revealed that this subunit shows the pharm acological 

profile of the GABA^ response. This suggests that p fam ily m em bers form  part of a 

separate subunit class of GABA^ receptors that form the GABA^ receptor.

Further diversity of receptor structure is generated by alternative splicing of 

receptor subunit mRNAs. Two variants of the a 6 subunit ( a 6S and a 6L) have been 

identified that differ by a 10 amino acid insertion in the a 6L. Interestingly, this 10 amino 

acids insertion is essential for cell surface targeting of this subunit (Korpi et al., 1994; 

Taylor et al., 2000). A number of (3 subunits are also alternatively spliced. The chicken (32
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subunit exists as two isoforms, one with an additional 17 amino acids containing a 

potential PKC phosphorylation site (Harvey et al., 1994). The human (32 subunit also 

exists as two splice variants one which contains a 38 amino acid insert that contains a 

consensus site for phosphorylation by calcium calmodulin dependent kinase (M cKinley et 

al., 1995). A lternative splicing also results in human (33 subunits with variant signal 

sequences (Kirkness and Fraser, 1993). In the case of the y2 subunit, alternative splicing 

generates 2 forms of this protein, y2L and y2S that differ by the presence of 8 amino acids 

in y2L  (W hiting et al., 1990; K ofuji et al., 1991) w hich contain a consensus 

phosphorylation site for protein kinase C (PKC).

1.6 G ABA A receptor subunit expression and distribution

In situ  hybrid isa tion  using subunit specific o ligonucleo tide  probes and 

immunohistochemistry with subunit specific antibodies has revealed that the expression of 

GABA^ receptor subunits is both spatially and developmentally regulated, with subunits 

having separate but overlapping distributions in brain (Wisden et al., 1992; Laurie et al., 

1992a; Zimprich et al., 1991, Fritschy et al., 1992, Fritschy and M ohler, 1995). The a l ,  

(32, (33 and y2 subunits are all found to be abundantly expressed throughout the adult rat 

brain (W isden et al., 1992; Laurie et al., 1992a; Fritschy and M ohler, 1995). In contrast, 

the p i subunit has a lower and more restricted expression than the p2 or p3 subunits. The 

yl and y3 subunits are widely expressed but at lower levels than the y2 subunit. The ô 

subunit is expressed at high levels in the thalam us and cerebellar granule cell layer 

(Shivers et al., 1989) and the a 6 subunit is the most restricted subunit being found only in 

cerebellar granule cells (Kato, 1990; Luddens et al., 1990). By in situ  hybridisation, 

Laurie and co-workers have carried out an in depth study of the developmental expression 

profile of receptor subunits (Laurie et al., 1992b). From this work it was found that a2 , 

a3 , a5 , p i ,  p2, P3, y l ,  y 2 and y3 subunits are expressed neonataly

22



whereas a l ,  a4 , a6, f>2, y 2 and ô subunits are the major subtypes expressed in adult 

brain. Exeeptions include the adult hippocampus, which contains all receptor subunits 

except a 6 and the Purkinje cells of the cerebellum which show no temporal change in 

subunit expression profile.

1.7 Subunit composition of receptors

Although in some brain regions, receptor heterogeneity is limited by the temporal 

and/or spatial distribution of some receptor subunits the large variety of subunits 

nonetheless provides the potential for considerable heterogeneity of receptor structure. 

Some im portant basic conclusions on receptor structure have however been made from 

recombinant receptor expression studies, p i and pS subunits can form spontaneously open 

chloride channels that are inhibited by picrotoxin and activated by pentobarbital but not 

GABA (Krishek et al., 1996; Davies et al 1997b., Connolly et al., 1996b). However, 

single channels expressed alone do not form GABA-gated channels (Scholfield et al., 

1987; Pritchet et al., 1989b; Shivers et al., 1989; Connolly et al., 1996a; Davies et al., 

1997a; Hedblom and Kirkness, 1997). Co-expression of a  and p subunits results in the 

production of GABA gated channels. These channels can be blocked by bicuculline and 

picrotoxin and potentiated by barbiturates and can also be inhibited by Zn2-i- (Scholfield 

et al., 1987; Levitan et al., 1988a, Levitan 1988b; Draguhn et al., 1990). Co-expression of 

a y subunit with a  and p subunits produces receptors that can be potentiated  by 

benzodiazepines (Pritchet et al., 1989b) and that are insensitive to inhibition by Zn2-I- 

(Draguhn et al., 1990). Replacem ent of the y subunit with either ô or e results in the 

production of receptors that are not potentiated by benzodiazepines (Davies et al., 1997a; 

Shivers et al., 1989).

The above results suggest that the majority of receptors will contain at least l a ,  

1 p and ly  to form receptors with the properties of most native receptors (Pritchet 1989a;
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Scholfield et al., 1987). Im m unoprécipitation studies have been used to probe the 

com position of native GABA^ receptors and the m ost prevalent receptor subunit 

com binations (Benke et al., 1990; Benke et al., 1991; Stephenson, 1995; Me Kern an and 

W hiting, 1996). Co-existence of m ore than one a  subunit (M cK ernan et al., 1991; 

Mertens et al., 1993; Pollard et al., 1993; Khan et al., 1996) or two different p subunits (Li 

and De Bias, 1997) has been observed in the same receptor. A lthough some receptors 

have been found to contain more than one y subunit (Quirk et al., 1994b) most GABA^ 

receptors are believed to contain only a single y subunit type (Quirk et al., 1994a; Mossier 

et al., 1994). The 6 subunit can substitute for y subunits in some receptors (Quirk et al., 

1994a). a l ,  P2 and subunits are expressed together in many brain regions suggesting 

that they may co-assemble to form an im portant population of receptors (Laurie et al., 

1992a) and it is generally thought that these subunits comprise the most common receptor 

type in the brain (Benke et al., 1991). Im m unoprécipitation studies with expressed 

recom binant a l ,  p2 and y2 subunits suggests that the stoichiometry of these channels is 

2 a , 2p and ly  (Tretter et al., 1997).

1.8 GABA^ receptor cell surface targeting

Many neurones express multiple receptor subunit subtypes (W isden et al., 1992; 

Laurie et al., 1992a; Fritschy and Mohler, 1995) providing the potential for considerable 

heterogeneity of receptor structure. However, only some subunit com binations can 

oligomerise to form functional ion channels. The mechanisms that exist to ensure that 

only physiologically appropriate GABA^ receptor subunit complexes can access the cell 

surface are still not entirely clear. In the case of nAChRs, receptor assembly occurs in the 

ER which serves as a checkpoint to retain inappropriate subunit combinations (Green and 

Miller, 1995).
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Studies of recom binant GABA^ receptors expressed in heterologous systems with 

receptor a l ,  (31-2 and y2 subunits, have revealed that access to the cell surface only 

occurs for a(3 and a  (3 y subunit com binations (A ngelotti and M acD onald, 1993; 

M acDonald and Olsen, 1994; Rabow et al., 1995; Connolly et al., 1996a). In A293 cells 

expressing different combinations of a l ,  (32 and y2 subunits, single subunit combinations 

and the a l y 2 , (322y subunit com binations are retained within the endoplasm ic 

reticulum (ER) (Connolly et al., 1996a). This suggests that assembly of receptors occurs 

in the ER with only a subset of receptor subunit combinations being able to access the cell 

surface. M oreover, the a l  or P2 subunits when expressed alone are rapidly degraded 

(Gorrie et al., 1997) suggesting that some subunit com binations may m isfold and be 

retained in the ER w hereupon they are targeted for degradation. The retention and 

degradation of m isfolded subunits is likely to be directed by ER chaperone molecules 

(Ham m ond and H elenius, 1994) as GABA^ receptor subunits have been found to 

associate with both BiP and Calnexin (Connolly et al., 1996b; Gorrie et al., 1997). It is 

thought that calnexin binding acts to prevent protein aggregation and prem ature exit of 

incompletely folded and oligomerised proteins from the ER by associating with immature 

carbohydrate residues (Hammond et al., 1994). Interestingly, differential cell surface 

trafficking of y2L and y2S subunit splice variants has also been dem onstrated. The two 

subunits differ by the presence of 8 amino acids within the major intracellular domain of 

this subunit (W hiting et al., 1990). W hereas the y2L subunit is retained within the ER 

when expressed alone, the y2S subunit can access the cell surface as a non-functional 

monom er (Connolly et al., 1996a; Connolly et al., 1999a). Surprisingly, however, co

expression of the y2S subunit with either the a l  or p2 results in the retention of y2s in the 

ER suggesting that in vivo the y2S subunit is unlikely to occur as a monomer (Connolly et 

a]., 1999a).
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The mechanisms of ER retention of receptor subunits are not fully understood. It is 

possible that some subunits can only fold correctly when com pletely oligom erised and 

therefore in the absence of the necessary oligom erisation partners, they are bound by 

chaperones and retained. However, in the case of the y2L subunit, the presence of an 

additional 8 amino acids is sufficient to result in ER retention. This suggests that some 

subunits fold correctly in the ER but have an ER retention signal which must be masked 

to allow their continued maturation through the biosynthetic pathway. This has recently 

been shown for the GABAg receptor R1 subunit (M argeta-M itovic et al., 2000). It appears 

likely that a key factor essential for exit from the ER is the ability to oligom erise. For 

instance, the (33 subunit is able to homo-oligomerise and access the cell surface forming 

spontaneously gated ion channels (Connolly et al., 1996b; W ooltorton et al., 1997). 

Receptor subunit combinations such as a /y  and (3/y, which cannot access the cell surface 

can presumably only form dimers and are unable to oligomerise into pentameric channels 

(Gorrie et al., 1997; Tretter et al., 1997).

1.9 GABAa receptor assembly

As described above, for m ost subunits to access the cell surface they must 

correctly assemble into oligomeric complexes. Studies have im plicated GABA^^ receptor 

subunit N-term inal domains in this process (Hackam et al., 1998) and the N-term inal 

dom ain o f the p 1 subunit was found to contain  signals for bo th  hom o and 

heterooligomerisation (Hackam et al., 1997; Enz et al., 1999). Importantly, specific amino 

acid sequences present in subunit N-termini have been found to act as assembly domains 

im portant for oligom erisation (Srinivasan et al., 1999; Taylor et al., 1999, 2000; 

Klausberger et al., 2000). Using a chimeric approach, four amino acids in the N-terminal
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domain of the [33 subunit have been identified that m ediate functional cell surface 

expression of this subunit compared to P2, which is retained within the ER (Taylor et al., 

1999). Substitution of these four amino acids into the p2 subunit was sufficient to enable 

the p2 subunit to homo-oligomerise and exit the ER. Interestingly, these residues were not 

critical for form ation  of a l p 2 or a i p 3  subunits but w ere im portan t for the 

oligomerisation of p subunits with y subunits. Studies have also identified a domain, 

conserved in all a  subunit isoforms that is essential for oligom erisation of a l  subunits 

with P3 subunits but not the y2 subunit and that therefore plays a critical role in assembly 

of a p  and a p y  subunits (Taylor et al, 2000). Q67 and W 69 from this domain have been 

identified to play a particularly important role in mediating assembly (Srinivasan et al., 

1999; Taylor 2000). W 94 has also been im plicated as necessary for GABA^ receptor 

assembly (Srinivasan et al., 1999). Interestingly, W69 and W 94 are common to all ligand 

gated ion channel subunits whereas Q67 is conserved in GABA^, S-HT, and glycine 

receptor subunits, and to nAcR a  subunits. This suggests that these conserved residues 

may play a role in the assembly of all ligand gated ion channels. Finally, using C-terminal 

truncated y2 subunits as well as mutated and chimeric fragments, amino acid sequences y2 

(91-104) and y2 (83-90) have also been identified that mediate assembly of the y2 subunit 

with a l  and p3 subunits respectively (Klausberger et al., 2000).

1.10 Selective subcellular targeting of GABA^ receptors

Studies in both polarised epithelial cells and in neurones have revealed that 

different GABA^ receptor subunit combinations can be targeted to different subcellular 

domains. In polarised epithelial cells the subcellular localisation of GABA^ receptors 

containing a l  and p i ,  p2 or P3 subunits is determined by the identity of the P-subunit. 

W hereas expression of a i p i  com plexes resulted in a non-polarised distribution, both 

a ip 2  and a lp 3  subunit combinations were specifically targeted to the basolateral domain
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of these cells (Connolly et al., 1996a). These results suggest that (3-subunits may confer 

particular subcellular trafficking destinations on GABA^ receptors in neurones. The 

differential subcellular trafficking of receptor subunit combinations has also been shown 

in vivo. Studies focusing on the subcellular distribution of a l ,  a 6 , (32, (33, y2and 5 

subunits in cerebellar granule cells have found the differential targeting of specific subunit 

com binations (Nusser et al., 1996b; N usser et al., 1998b). Im m unogold localisations 

indicate that receptors containing a l ,  a 6, (32/3 and y2 subunits are found concentrated on 

G ABAergic Golgi synapses and at lower levels at extrasynaptic sites. In contrast, the 

Ô subunit was present only at dendritic and somatic extrasynaptic sites. Furthermore, the 

a 6, (32/3and y2 subunits but not the a l  and ô subunits, could also be detected at some 

glutamatergic mossy fiber synapses where they co-localised with AM PA type glutamate 

receptors (Nusser et al., 1996b; Nusser et al., 1998b). Other immunogold studies have 

identified the differential synaptic localisation of two major GABA^ receptor a  subunits 

on hippocampal pyramidal cells. W hereas the a l  subunit was localised to the majority of 

GABAergic synapses, the a 2  subunit was only detected in a subset of somatodendritic 

synapses and was found enriched at synapses on the axon initial segment (Nusser et al., 

1996a). Differential targeting of a 2  and a 5  containing GABA^ receptors has also been 

detected  in hippocam pal pyram idal cells and o lfactory  bulb g ranule cells by 

im munofluorescence (Fritschy et al., 1998). Furthermore, the differential targeting of a  

subunits has also been detected in the mammalian retina where a l ,  a2 , and a 3  subunits 

were found to have non-overlapping distributions on retinal a-ganglion cells (Koulen et 

al., 1996).

The mechanisms and functional consequences of selective targeting of different 

receptor subunit com binations is not entirely clear. The kinetic and pharm acological 

properties of GABA^ receptors depend on their subunit com position (M acdonald and 

Olsen, 1994; Rabow et al., 1995). This suggests that the targeting of receptors with
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specific properties to defined domains may be necessary for the fine tuning of the 

integrative properties of a particular neurone. In both hippocampal pyram idal cells and 

cerebellar granule neurones, synaptic and extrasynaptic receptors appear to have different 

functional properties (Brickley et al., 1999; Banks and Pearce, 2000). It has been 

suggested that extrasynaptic GABA^ receptors may be involved in setting the resting 

conductance of the postsynaptic cell via tonic activation by am bient G ABA or GABA- 

spillover from the synaptic cleft (Brickley et al., 1996; W all and Usowicz, 1997; Nusser et 

al., 1998b; Rossi and Haman, 1998; Brickley et al., 1999). The extrasynaptic 6 subunit 

containing receptors in cerebellar granule cells would be well suited for this role since 

they have a high affinity for GAB A and do not desensitise (Saxena and M acdonald, 1994,

1996). S im ilarly, the relatively slow deactivation kinetics of extrasynaptic GABA^ 

receptors on C A l pyram idal neurones may also be specialised for m ediating tonic 

inhibition (Banks and Pearce, 2000).

The potential mechanisms for differential receptor targeting are unknown. The 

importance of ionotropic receptor intracellular domains for the targeting of other receptors 

has been shown. For instance the intracellular domain of the nAChR a 3  subunit targets 

nAChRs to subdom ains within individual synapses in vivo  (W illiam s et al., 1998). 

Similarly intracellular domains are also important for the synaptic targeting of glutamate 

receptors (Dong et al., 1997). It is therefore likely that interactions betw een GABA^ 

receptor subunit intracellular domains with associated proteins may be im portant for the 

differential targeting of GABA^ receptors. For example, deletion of the y2 subunit gene 

results in the disruption of the synaptic targeting of both GABA^ receptors and gephyrin 

(Essrich et al., 1998). Consistent with this, in cerebellar granule cells it appears that 

receptors lacking the y2 subunit are specifically excluded from the synapse (Brickley et 

al., 1999). These results suggest that the y2 subunit plays an essential role in the synaptic 

targeting of GABA^ receptors, possibly via an association with gephyrin, a molecule
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essential for GABA^ receptor clustering (Essrich et al., 1998; Kneussel et al., 1999). 

GABARAP, a novel microtubule binding protein that interacts with the intracellular loop 

of the y2 subunit could also be involved in the synaptic targeting of the y2 subunit. It 

seems unlikely how ever that the y2 subunit is the only subunit essential for receptor 

targeting. The Ô subunit which can substitute for the y subunit in some receptor subunit 

combinations is found only extrasynaptically (Nusser et al., 1998b). Although in the case 

of Ô subunit containing receptors, the lack of the y2 subunit may preclude these receptors 

being targeted to synapses it is also possible that an association between the ô subunit and 

an interacting protein could serve to exclude ô subunit containing receptors from synaptic 

sites. Sim ilarly, the differential targeting of receptors containing different a  and/or 

different (3 subunits suggests that these subunits can also play a role in receptor targeting 

(Connolly et al., 1996a; Nusser et al., 1996a).

1.11 Formation of postsynaptic specialisations

Neurotransm itter receptors are for the most part concentrated at the postsynaptic 

face of the synaptic cleft directly opposite the presynaptic terminal. For instance, at the 

neuromuscular junction, muscle acetylcholine receptors are found at a concentration of up 

to 10 000 receptors per p.m  ̂ at the site of motor axon innervation whereas in surrounding 

extrasynaptic regions their concentration is approxim ately 1000 fold less (Froehner,

1991). Similarly, glycine receptors (Triller et al., 1985), GABA^ receptors (Craig et al., 

1994) and glutam ate receptors (Craig et al., 1993) are also concentrated at postsynaptic 

sites. To achieve this, neurones have evolved very specific sorting m echanisms that are 

critical for the correct targeting and clustering of receptors to specific subcellular 

domains. Receptor targeting mechanisms are likely to be dependent on protein-protein 

interactions between receptor intracellular domains and associated proteins. A number of
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molecules im portant for receptor sorting and clustering have been identified, either as 

molecules that co-purify with the receptor or by using receptor intracellular domains as 

baits in yeast two hybrid (Y2H) screens (Kneussel and Betz, 2000a,b; Garner et al., 2000; 

Sheng and Pak, 2000).

1.12 Clustering of muscle nicotinic acetylcholine receptors at the neuromuscular 

junction

The most detailed picture of the m echanism s im portant for the targeting and 

clustering of an ionotropic receptor have em erged from studies on the clustering of 

m uscle nAChRs at the neurom uscular junction  (NM J) which were initialy greatly 

facilitated by the availability of Torpedo ray electric organ (Noda et al., 1982; Sanes and 

Lichtm an, 1999). This preparation contains very large am ounts of nAChRs greatly 

facilitating their purification. A 43 kDa molecule, rapsyn was found to co-purify with the 

nAChRs in this preparation (Sobel et al., 1977). This protein was also found to co-localise 

with nAChRs at the m am m alian neurom uscular junction  (Froehner et al., 1981). 

Interestingly, removal of rapsyn was found to result in an increase in the nAChR 

membrane mobility without affecting receptor function (Rousselet et al., 1982). Chemical 

crosslinking studies (Burden et al., 1983) and electron microscopy (Toyoshim a et al., 

1988; M itra et al., 1989) also provided evidence for the intimate association of rapsyn 

with the nAChR. Rapsyn was also shown to bind actin suggesting a mechanism by which 

rapsyn could link nAChRs to the cytoskeleton (W alker et al., 1984). The cloning of 

cDNA sequences for the nAChR (Noda et al., 1982) and rapsyn (Frail et al., 1987) further 

aided in understanding the role of rapsyn with respect to nAChR function. W hen nAChRs 

are heterologously expressed in Xenopus oocytes or fibroblasts they distribute uniformly 

within the plasm a membrane. In contrast, when rapsyn is expressed alone in the same 

cells it forms clusters and more importantly when co-expressed with nAChRs induces a
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redistribution of receptors into clusters that precisely co-localise with rapsyn (Froehner et 

al., 1990).

Another set of proteins expressed at high levels at the neurom uscular junction 

constitute the dystrophin-associated glycoprotein com plex (DGC). Importantly, rapsyn 

was also found to associate with and cluster P-dystroglycan, a com ponent of the DGC. 

This suggested that rapsyn may act as a scaffold that links the DGC to nAChRs as well as 

linking this complex to actin (Ervasti and Campbell, 1993; Apel et al., 1995; Cartaud et 

al., 1998). Confirmation of the essential role of rapsyn in nAChR clustering came from 

rapsyn deficien t m ice which fail to cluster both nA ChRs and the D GC at the 

neuromuscular junction (Gautam et al., 1995).

Rapsyn contains a myristolation site, a cystein-rich domain, eight tetracopeptide 

repeat (TPR) dom ains and a C-term inal coiled-coil domain (Colledge and Froehner,

1998). The myristolation site is important for plasm a membrane targeting (Philips et al., 

1991b). TPRs are thought to m ediate protein-protein interactions, and in rapsyn are 

im portant for i t ’s self association, whereas the coiled coil region is im portant for 

association with the nAChR (Ram arao and Cohen, 1998). Heterologous coexpression 

studies have shown that rapsyn can cluster neuronal nAChRs however, the clustering of 

neuronal nAChRs was not disrupted in the rapsyn knockout indicating that rapsyn is not 

important for the clustering of neuronal nAChRs receptors in vivo (Feng et al., 1998a). 

Two other proteins have also been identified to be critical for nAChR clustering at the 

neurom uscular junction. The protein agrin is presynapticaly released from  innervating 

motor neurones and can induce the clustering of nAChRs on the surface of cultured 

myotubes (W allace, 1989). Mice that have had the agrin gene deleted form poor nAchR 

clusters at the neuromuscular junction confirming the importance of this protein (Gautam 

et al., 1996). Agrin stim ulates phosphorylation of nAChR subunits on serines and 

tyrosines which is thought to be important for the initiation of receptor clustering (Qu et
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al., 1990). Tyrosine phosphorylation of the receptor is likely to be mediated by MuSK, a 

muscle specific tyrosine kinase that becom es restricted in distribution to the mature 

neuromuscular junction. Gene deletion of M uSK produces a very similar phenotype to the 

agrin knockout (DeChiara et al., 1996). Furtherm ore, the agrin induced clustering of 

nAChRs in cultured myotubes does not occur in myotubes cultured from the M uSK 

knockout stongly suggesting that this protein may be part of an agrin receptor. 

Interestingly, M uSk can itself cluster at the neurom uscular junction  in the rapsyn 

knockout (Apel et al., 1997). This suggests that M uSK forms a ‘primary scaffold’ that 

then recruits rapsyn which then clusters nAChRs to allow their phosphorylation by MuSK 

as well as recruiting other proteins including the DGC (Sanes and Litchman, 1999).

1.13 Clustering and anchoring of ion channels at central synapses

In the central nervous system ion channels are selectively targeted to specific post

synaptic dom ains w ithin the highly differentiated and polarised architecture of the 

neuronal plasm a m embrane. This selective targeting and clustering of receptors is 

essential for efficient synaptic transmission (Essrich et al., 1998; Feng et al., 1998a,b). For 

instance, in the case of inhibitory neurotransmission even a partial decrease in GABA^ 

receptor clustering and anchoring can result in significant behavioural dysfunction due to 

decreased efficacy of synaptic inhibition (Crestani et al., 1999). Studies on the NMJ have 

greatly advanced our understanding of mechanisms im portant for the developm ent and 

maintenance of synaptic structure. However, it is not yet clear whether lessons learnt from 

studying the NMJ will be relevant to the formation and maintenance of central synapses. 

Evidence for the importance of alternative receptor clustering m echanism s in the CNS 

come from studies on the agrin knockout mouse which failed to show any defects in the 

form ation of both g lutam atergic and G A B A ergic synapses in central neurones 

(Serpinskaya et al., 1999) and the rapsyn knockout which has normal neuronal nAChR
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clustering (Feng et al., 1998a). Furthermore, although the NMJ and central synapses have 

similarities in both structure and function, there all also a number of differences between 

these two types of synapse (Sanes and Lichtman, 1999). The most im portant of these is 

that muscle fibres receive a single large input whereas most of the rest of their surface is 

nonsynaptic. By contrast, in the CNS, many neurones receive a large num ber of small 

inputs that cover a large part of their somatic and dendritic surfaces. Furtherm ore, many 

central neurones receive both inhibitory and excitatory input and ion channels must 

therefore be specifically targeted to postsynaptic domains aposed to presynaptic terminals 

containing the correct neurotransmitter. For example, in hippocampal neurones that are 

innervated by both inhibitory GABAergic and excitatory glutam atergic synapses, the 

respective GABA^ receptors and glutamate receptors are separately clustered on dendrites 

at discrete sites (Craig et al., 1994). In addition, as has already been discussed, in the case 

o f GABA^ receptors, different subunit com binations can be targeted to different 

subcellular domains within the same neurone. Although some of the processes of receptor 

clustering and synapse formation in the CNS may occur by m echanism s functionally 

homolgous to those important for receptor targeting and clustering at the NMJ, additional 

m echanisms are likely to exist to account for the specificity of postsynaptic receptor 

targeting in central neurones.

1.14 Excitatory synapses

Three classes o f glutam ate receptor have been identified  based on their 

pharmacological and molecular properties (Hollmann and Heinemann, 1994). AMP A (a- 

amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors mediate fast excitatory 

synaptic transmission; NMDA (A-methyl-D-aspartate) receptors are highly permeable to 

calcium  ions and kainate receptors which also contribute to excitatory  synaptic 

transm ission (Hollm ann and Heinem ann, 1994; Chittajallu et al., 1999). G lutam ate
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receptors have a large extracellular N-terminus, four membrane spanning domains and an 

intracellular carboxyl terminus. Studies have revealed that many of the proteins important 

for the formation of macromolecular signalling complexes at glutamatergic synapses are 

members of a growing superfamily of proteins that contain PDZ domains (reviewed in 

G arner et al., 2000). PDZ domains consist of -9 0  amino acids that can bind to short 

peptide sequences with 10-100 nM affinity. The prototypical peptide sequence is the 

T/SXV m otif and is most often found at the carboxyl terminal of target proteins, although 

internal T/SXV motifs have also been described (see Garner et al., 2000).

1.15 Anchoring of the NMDA receptor complex at the postsynaptic density

The NM DA receptor subtype of glutamate receptor is a calcium  perm eable ion 

channel that is essential for excitatory synaptic transm ission (Hollman and Heinamann, 

1994). Opening of NMDA receptors results in the activation of cytoplasm ic signalling 

cacades that cause long term changes in neurones that are im portant for both synaptic 

plasticity and learning (Bliss and Collingridge, 1993). These receptors form  a major 

com ponent of the postsynaptic density (PSD) present at asym m etric glutam atergic 

synapses. There has been significant interest in understanding the molecular mechanisms 

underlying NMDA receptor postsynaptic localisation and signalling. It has em erged that 

NMDA receptors form part of a large complex of interacting proteins that make up a 

significant part of the excitatory postsynaptic density and that has been termed the NMDA 

recep tor com plex (NRG) (Sheng and Lee, 2000). S ign ifican t p rogress in the 

characterisation of NM DA receptor interacting proteins has been facilitated by the 

membrane topology of these receptors and their tight association with other proteins in the 

PSD. Firstly, the large intracellular tail of NM DA receptor subunits mediates the vast 

majority of interactions with associated proteins and furtherm ore, these intracellular 

carboxyl tails have proved to be particularly good baits in yeast two hybrid (Y2H) screens
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(Sheng and Pak, 2000). Furthermore, PSDs can be isolated biochemically because they 

are highly crosslinked, detergent resistant structures. This has facilitated the biochemical 

isolation of a number of core components of the PSD which have often also been found to 

be both components of the NRC and important for NM DA receptor signalling (Kennedy,

1997).

One of the first, and most im portant NM DA receptor associated proteins to be 

identified from a Y2H screen is SAP90/PSD-95 (Kornau et al., 1995). This protein is a 

prototypical PDZ dom ain containing protein and is also a m em ber of the synapse 

associated protein (SAP)/ membrane associated guanylate kinase (M AGUK) family of 

proteins. Other members of this family including SAP97/hDLG, SAP 102 and Chapsyn 

110/SAP93 have also been characterised. All SAPs/M AGUKs contain three N-terminal 

PDZ domains, a Src-homolgoy 3 (SH3) domain and a C-term inal inactive guanylate 

kinase (GK) domain. These domains serve as regions for protein-protein interactions and 

in the case of PSD-95 allow the simultaneous binding of proteins to the NM DA receptor 

(Sheng and Pak, 2000; Sheng and Lee, 2000). PSD-95 can associate with signalling 

proteins such as nNOS (Brenman et al., 1996) and synGAP (Kim et al., 1998), the 

microtubule binding protein CRIPT (Niethammer et al., 1998) as well as guanylate kinase 

associated proteins (Kim et al., 1997). Via the GKAP interacting protein Shank, PSD-95 

is also linked to both metabotropic glutamate receptors via an interaction between Shank 

and Homer and to the actin cytoskeleton via cortactin (Naisbitt et al., 1999; Tu et al.,

1999). PSD-95 can also associate with neuroligin, a membrane spanning protein that can 

associate with presynaptic neurexins and therefore form a transynaptic bridge which may 

be essential for synaptogenesis (Scheiffele et al., 2000). NM DA receptors can also 

associate with the cytoskeleton via the cytoskeletal associated proteins a-actin in  and 

spectrin as well as via a direct association between neurofilament light chain and the N Rl 

subunit of NM DA receptors (W yszynski et al., 1997; W eschler and Teichberg, 1998;
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Ehlers et al., 1998). From the results described above in conjunction with recent 

proteomics analysis of the NRC (Husi et al., 2000), it is clear that NM DA receptors form 

part of an extensive m acrom olecular complex that contains numerous associations with 

proteins important for signalling, trafficking and cytoskeletal attachment.

1.16 Clustering and trafficking of AMPA receptors

AM PA receptors are also present at asym m etric glutam atergic postsynaptic 

densities and their function is essential for glutamatergic synaptic transmission (Hollman 

and Heinamann, 1994). Although present within the same synapses as NM DA receptors, 

AMPA receptors have a distinct cell biology. AMPA receptors do not associate with PSD- 

95 and since this protein is a m ajor com ponent of the NRC this suggests that AMPA 

receptors form  part of a separate protein com plex. In agreem ent with this AMPA 

receptors are only loosely associated with the postsynaptic density and are removed from 

this preparation upon mild detergent extraction. Furtherm ore, whereas NDM A receptors 

and PSD 95 remain clustered at postsynaptic sites upon disruption of the actin and tubulin 

cytoskeleton, the clustering of AMPA receptors is dependent on F-actin (Allison et al., 

1998, 2000).

AMPA receptors are clustered by distinct classes of PDZ containing proteins. The 

AMPA receptor GluR2 and GluR3 subunits bind the PDZ domain containing proteins 

G R IPl and GRIP2/ABP (Dong et al.,1997, Shrivastava et al., 1998). Both G R IPl and 

GRIP 2 are neuronal proteins that contain 7 PDZ domains whereas ABP is a GRIP2 splice 

variant that has only the first 6 PDZ domains. The GluR2 and GluR3 subunits interact 

with G RIPl and GRIP2/ABP via their fourth and fifth PDZ domains whereas the other 

PDZ domains are likely to link AMPA receptors to a variety of proteins involved in signal 

transduction and trafficking. These include interaction with SNARF like proteins and the 

neuronal ras GFF, GRASP, which may be im portant for the synaptic targeting and
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maintenance of receptor clusters (Dong et al., 1997; Ye et al., 2000). GluR2 and GluR3 

also bind via their carboxyl tails to the single PDZ domain of P IC K l (Xia et al., 1999; 

Dev et al., 1999). In contrast to GRIP/ABP proteins, PIC K l also promotes the clustering 

of GluR2 in the plasma membrane of transfected cells suggesting that it may be involved 

in clustering AM PA receptors (Xia et al., 1999). P IC K l contains a coiled domain that 

allows it to self associate in the Y2H system providing a potential m echanism  for 

clustering (Xia et al., 1999). The G luRl subunit of AMPA receptors has also been found 

to associate with the second PDZ domain of SAP 97 (but not SAP90/PSD-95, SAP 102 or 

chapsyn llO /PSD -93) (Leonard et al., 1998). Interestingly, SAP-97 may act to recruit an 

AKAP/PKA complex to glutamate receptors (Colledge et al., 2000).

How AMPA receptors and their associated PDZ containing proteins are tethered to 

the cytoskeleton and PSD is still unclear. However, overexpressing the C-terminal tail of 

the GluR2 subunit in neurones results in a loss of synaptic targeting of these receptors 

providing the best evidence so far that interactions between the C-term ini of AMPA 

receptors with PDZ containing proteins is important for AMPA receptor clustering (Dong 

et al., 1997). Interestingly, a molecule has recently been identified that may act as a signal 

to cluster AM PA receptors in a similar fashion to the nAChR clustering protein agrin. 

Neuronal activity regulated pentraxin (NARP) is an activity regulated secreted immediate 

early gene. It is selectively expressed at excitatory synapses and can induce the clustering 

of AM PA receptors (O ’Brien et al., 1999).

AM PA receptors appear to be more dynamic in their association with the PSD and 

can translocate in and out of synaptic sites (O ’Brien et al., 1998; Liao et al., 1995; Shi et 

al., 1999). AM PA receptors have also recently been shown to cycle between cell surface 

and intracellular pools (Luscher et al., 1999; Luscher et al., 2000). Interestingly, an 

association was found between AMPA receptor GluR2 subunit and A-ethylmaleimide 

sensitive factor (NSF) (Song et al., 1998; Osten et al., 1998; N ishim une et al., 1998), a
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protein critical for intracellular membrane trafficking events (Rothman, 1994; Schiavo 

and Owen, 1999). The association between AM PA receptors and NSF appears to be 

im portant for the cell surface trafficking and cycling of these receptors (Noel et al., 1999; 

Luscher et al., 1999). These results further confirm the dynamic nature of AMPA receptor 

trafficking at synaptic sites. This suggests that the association of some types of ionotropic 

receptor with synaptic sites may be a very dynamic process that could be im portant for 

synaptic plasticity (Luscher et al., 2000).

1.17 Inhibitory synapses

1.18 The glycine receptor

Glycine receptors mediate the majority of fast synaptic inhibition in the spinal 

cord and are also found in the retina and brain stem (Vannier and Triller, 1997) where 

they are found concentrated at specific postsynaptic dom ains (Triller et al., 1985). 

Purification of the glycine receptor complex by affinity chrom atography resulted in the 

co-purification of a 93 kDa peripheral membrane protein (Pfeiffer et al., 1982; Schmitt et 

al., 1987). This protein could associate with tubulin suggesting that it may link glycine 

receptors to the tubulin cytoskeleton (Kirsch et al., 1991) and was subsequently cloned 

and termed gephyrin from the Greek gephura for bridge (Prior et al., 1992). Gephyrin may 

also be able to associate with the actin cytoskeleton via an interaction with profilin 

(M am m oto et al., 1998). Both gephyrin and glycine receptor clustering is affected by 

disruption of the actin and microtubule based cytoskeleton providing further support for a 

model w hereby gephyrin clusters glycine receptors via association with the cytoskeleton 

(Kirsch and Betz, 1995). Further evidence for the role of gephyrin in glycine receptor 

clustering cam e from gene depletion studies using gephyrin antisense oligonucleotides 

which prevented the clustering of glycine receptors in cultured spinal cord neurones
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(Kirsch et al., 1993). Binding of gephyrin to the glycine receptor complex was shown to 

be dependent on an 18 amino acid sequence in the glycine receptor p-subunit (Meyer et 

al., 1995). Interestingly, gephyrin aggregation at synaptic sites appears to precede that of 

glycine receptors suggesting that it may act to recruit glycine receptors to postsynaptic 

domains (Vannier and triller, 1997). Furthermore, the postsynaptic aggregation of glycine 

receptors is activity dependent and is blocked by the glycine receptor antagonist 

strychnine (Kirsch and Betz, 1998; Levi et al., 1998). D irect confirmation of the essential 

role of gephyrin in glycine receptor clustering has com e from gene deletion. In the 

gephyrin knockout mouse all glycine receptor clustering is disrupted (Feng et al., 1998b).

A number of different isoforms of gephyrin exist due to alternative splicing, some 

of which show distinct spatial and developmental distribution patterns (Prior et al., 1992; 

Ramming et al., 2000). Gephyrin is also expressed in non-neuronal tissues including lung, 

kidney and liver suggesting other roles for this protein (Prior et al., 1992). Further 

evidence for other roles for gephyrin come from it’s prim ary structure which shows 

striking homology with proteins involved in molybdenum co-factor (MoCo) biosynthesis 

(S ta llm eyer et al., 1999). M oCo form s the ca ta litica ly  active cen tre  of all 

m olybdoenzymes except nitrogenase and is highly conserved in archaea, eubacteria and 

eukaryotes. M olybdoenzym es are essential for numerous metabolic processes including 

sulfur detoxification and purine catabolism in mammals, nitrate assimilation in autotrophs 

and phytohorm one synthesis in plants. In Escherichia coli (E.coli) two proteins MogA 

and M oeA have an important role in M oCo biosynthesis. Cinnamon and C nxl have been 

identified as Drosophila melanogaster and Arabidopsis thaliana homologs of M ogA and 

M oeA  respectively, and are thought to have sim ilar functions (K am dar et al., 1997; 

Stallmeyer., 1995). Interestingly, the only known m am m alian hom olog of M ogA and 

M oeA is gephyrin. Cinnamon, C nxl and gephyrin all have the M ogA and M oeA like 

dom ains in the same protein suggesting a gene fusion event (Schw arz et al., 1997;

40



Stallm eyer et al., 1999). The essential role of gephyrin in M oCo biosynthesis was also 

confirm ed in the gephyrin knockout which has severe disruption in the function of a 

number of molybdoenzymes (Feng et al., 1998b).

Interestingly, a yeast two hybrid screen with the entire gephyrin m olecule 

identified an association with two isoforms of a novel protein, collybistin (Kins et al., 

2000). The structure of collybistin suggests that it is a m em ber of the D EL family of 

GDP/GTP exchange factors (GEF) which activate the rho/rac family of small GTPases. 

This suggests that gephyrin may be able to modulate the actin cytoskeleton via collybistin. 

Gephyrin was also identified as a binding partner in a yeast two hybrid screen with the 

amino terminal portion of the rapamycin and FKBP12 target 1 (RAFT-1). RAFT-1 is the 

in vivo target for the complex of rapam ycin with it’s intracellular receptor, FKBP12. 

Rapamycin acts as a potent immunosupressant by preventing progression of the cell cycle 

through G l. There is increasing evidence that RAFT-1 may be able to regulate mRNA 

translation by participating in mitogen activated signalling pathways (Sabatini et al.,

1999). This suggests that gephyrin via an association with RAFT-1 may be able to control 

local protein synthesis at inhibitory synapses.

1.19 Clustering of GABA^ receptors

GABA^ receptors are predom inantly found clustered at inhibitory GABAergic 

synapses on the neuronal cell soma, along dendritic shafts and at the axon initial segment 

(M acdonald and Olsen, 1994). The molecular mechanisms important for GABA^ receptor 

targeting and clustering are not completely understood. However, it has becom e clear that 

the glycine receptor clustering molecule gephyrin is also essential for GABA^^ receptor 

clustering. Gephyrin co-localises with GABA^ receptor clusters in many brain regions 

including spinal cord (Cabot et al., 1995), retina (Sassoe-Pognetto et al., 1995), olfactory 

bulb (Giustetto et al., 1998) and hippocampus, cortex and cerebellum (Sassoe-Pognetto et
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al., 2000) as well as in cultured hippocampal neurones (Craig et al., 1996). This suggests 

that gephyrin may also be important for the formation of GABAergic synapses and that it 

may have a general role as an organising molecule at inhibitory synapses in the brain. 

Further evidence for the essential role of gephyrin in clustering GABA^ receptors came 

from  studies w here it was found that depletion  of gephyrin  using  antisense 

oligonucleotides resulted in a disruption of GABA^ receptor clustering in cultured 

hippocampal neurones (Essrich et al., 1998). Confirmation of the importance of gephyrin 

in anchoring GABA^ receptors at synaptic sites came from studies of cortical neurones 

cultured from the gephyrin knockout mouse. In these experim ents it was found that 

neurones from wild type homozygous mice had an alm ost com plete loss of GABA^ 

receptor clusters containing the a l  and y2 subunits (Kneussel et al., 1999). Surprisingly 

however, a biochemical association between GABA^ receptors and gephyrin has not been 

demonstrated suggesting that other molecules may also be important for GABA^^ receptor 

clustering. There has therefore been an interest in identifying other potential GABA^ 

receptor associated proteins that may also play a role in GABA^ receptor anchoring. For 

example, it is possible that a bridging molecule may exist to link GABA^ receptors to 

gephyrin. Although immunoprécipitation studies have found a num ber of proteins to be 

associated with GABA^ receptors their identity is not known (Kannenberg et al., 1997).

The GABAa receptor associated protein (GABARAP) is a molecule that may be 

im portant for the synaptic anchoring of GABA^ receptors. G ABA RA P, a 17kDa 

polypeptide identified from a yeast two hybrid screen using the intracellular domain of the 

GABA^ receptor y2 subunit, has been shown to associate with GABA^ receptors in vivo 

(W ang et al., 1999). GABA RA P has sequence sim ilarity  to the light chain 3 of 

microtubule-associated proteins (MAPs) 1A and IB and can bind microtubules suggesting 

it may anchor GABA^ receptors to the cytoskeleton (Wang et al., 1999; W ang and Olsen,
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2000). It has also been suggested that GABARAP may serve as a linker molecule between 

GABA;^ receptors and gephyrin (Passafaro and Sheng, 1999; Kneussel and Betz, 2000a).

M icrotubules are thought to play an essential role in the organisation of 

G A BA ergic postsynaptic specialisations largely because they have been found to 

associate with key components of these sites. GABA^ receptors were found to co-purify 

with tubulin (Item et al., 1994) and both gephyrin and GABARAP have tubulin binding 

properties (Kirsch et al., 1991; W ang et al., 1999; W ang and Olsen, 2000). Surprisingly 

however, a recent study reports that microtubules are not required for the clustering or 

synaptic localisation of either GABA^ receptors or gephyrin at steady state (Allison et al.,

2000). These results suggest that the m icrotubule binding properties of gephyrin and 

GABARAP are not important for the maintenance of the inhibitory postsynaptic scaffold. 

Furtherm ore, they imply that other mechanism s exist to m aintain the clustering and 

anchoring of proteins at GABAergic postsynaptic domains. Gephyrin could be anchored 

to postsynaptic mem branes via a putative m yristolation site or via association with 

proteins such as profilin (Mamoto et al., 1998) and collybistin (Kins et al., 2000) that can 

both bind phophoinositides (Kneussel and Betz, 2000b). In contrast to the results of 

Allison and Colleagues (Allison et al., 2000), a recent study has reported the importance 

of an intact aetin and microtubule cytoskeleton for GABA^ receptor function (Meyer et 

al., 2000). However in this study it was found that disrupting the cytoskeleton facilitated 

an agonist induced dow nregulation of receptor function.This suggests that actin and 

microtubules may be important for trafficking of GABA^ receptors and their endocytosis, 

however other mechanisms may be important for synaptic anchoring of receptors.
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1.20 Synapse formation and ionotropic receptor clustering: general principles, 

different mechanisms

It is apparent from the sections described above that the majority of ionotropic 

receptor classes are specifically targeted and clustered at postsynaptic sites. However, the 

m echanism s im portant for these processes appear to be different for each class of 

receptor. In each case a scaffold molecule, such as rapsyn, PSD-95, GRIP, PICK and 

gephyrin have the ability to self associate and / or associate with the cytoskeleton 

providing potential m echanisms for both anchoring and clustering. Im portantly these 

m olecules can also recruit signalling proteins to postsynaptic receptors to form  

m acrom olecular signalling complexes (Sanes and Lichtman, 1999; G arner et al., 2000; 

Braithwaite et al., 2000; Kneussel and betz, 2000a,b; Sheng and Pak, 2000). Although a 

num ber o f key postsynaptic receptor scaffolds have been identified the m olecular 

mechanisms important for the formation and maintenance of postsynaptic specialisations 

in the CNS are still unclear (Lee and Sheng, 2000).

In the case of GABA^ receptors gephyrin has been reported to be essential for 

GABAa receptor clustering (Essrich et al., 1998; Kneussel et al., 1999). However, it is not 

known how gephyrin associates with GABA^ receptors. The recent evidence that GABA^ 

receptors and gephyrin can cluster at inhibitory postsynaptic domains in the absence of 

microtubules suggests that other mechanisms than cytoskeletal anchoring m ust also be 

im portant for the m aintenance of GABAergic synapses (Allison et al., 2000). Other 

GABA a receptor associated molecules such as GABARAP have been identified whose 

function with respect to GABA^^ receptor targeting are not yet clear (W ang et al., 1999). 

Furtherm ore, the m echanism s by which specific GABA^^ receptor com binations are 

differentially targeted to distinct neuronal subdomains is also unclear. It is therefore likely 

that additional protein-protein interactions will be discovered that are im portant for the
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regulation of cell surface trafficking, clustering, anchoring and rem oval of GABA^ 

receptors.

1.21 Receptor trafficking, protein-protein interactions and synaptic plasticity

It is clear from recent studies that receptor trafficking is likely to play a key role in 

neuronal plasticity (Luthi et al., 1999; Shi et al., 1999; Luscher et al., 1999; Hayashi et al., 

2000; Man et al., 2000; Linden and W ang, 2000; M alinow et al., 2000). Furtherm ore, 

m echanism s im portant for the trafficking of receptors are likely to be dependent on 

specific protein-protein interactions (Braithwaite et al., 1999; Garner et al., 2000; Hayashi 

et al., 2000; Osten et al., 2000).

Studies have reported LTP and LTD at GABAergic synapses in a number of brain 

regions (Gaillard, 1999a,b; review ed in Kano, 1995). Furtherm ore, differences in 

postsynaptic receptor num ber have been found to determ ine GAB A mini am plitude 

(Nusser et al., 1997) and potentiation at hippocampal inhibitory synapses (N usser et al., 

1998a). This would suggests that processes im portant for GABA^ receptor trafficking, 

such as membrane insertion, anchoring and removal, could significantly modulate cell 

surface receptor number and underlie some forms of GABAergic LTP and LTD. These 

changes in the strength of GABAergic synaptic transm ission could be im portant in 

modulating neuronal plasticity since this could have an important effect on the integrative 

properties and input-output relationship of a neurone (Linden et al., 1999). For example, 

LTD of G A BA ergic inhibition has recently been shown to underlie the increased 

excitability  of C A l neurones associated with LTP (Lu et al., 2000). An in depth 

understanding o f GABA^ receptor trafficking and the protein-pro tein  interactions 

im portant for this process is therefore an im portant goal essential for furthering our 

understanding of the molecular mechanism underlying neuronal plasticity.
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1.22 Aims of this thesis

1) To construct a fusion protein between a GABA^^ receptor subunit and the green 

fluorescent protein (GFP) and determine if this construct has similar properties to the 

equivalent wild type receptor subunit. If this is the case, to use this construct to study 

GABA^ receptor trafficking and membrane targeting.

2) To investigate if GABA^ receptor endocytosis occurs in neurones and if so, to 

determine the mechanisms and functional consequences of receptor endocytosis.

3) To further investigate the role of the GABA^ receptor associated protein GABARAP 

with respect to GABA^ receptor function and trafficking. To compare the distribution 

of GABA RAP with that of GABA^ receptors and the GABA^ receptor clustering 

molecule gephyrin.
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CHAPTER 2

All chem icals were purchased from Sigma unless otherw ise stated, and all restriction 

enzymes were purchased from New England Biolabs. All tissue culture reagents, unless 

otherw ise stated, were from  G ibcoB R L L ifetechnologies. O ligonucleo tides were 

synthesised by Cruachem, and Gibco. Radionucleotides were purchased from Amersham.

2.1.0 Molecular Biology

Most of the techniques described can be found in Sambrook et al. (1989).

2.1.1 DNA constructs

M urine a l ,  P2, yS  and y l .  subunit cDNAs were expressed from  the m am m alian 

expression vector pG W l (McDonald et al., 1998). The y2L and y2S subunits differ by the 

presence of 8 am ino acids within the m ajor in tracellu lar dom ain of this subunit 

(M acdonald and Olsen 1994; Rabow et al., 1995). The subunits were tagged with 9E10 

epitope (EQKLISEEDL) between amino acids 4 and 5 as described previously (Connolly 

et al., 1996a).

2.1.2 Bacterial strains

Subcloning and PGR were perform ed using the E .C o li strains X L lB lu e  (F ’;:Tn 10  

proA+B+laclq A (lacZ)M 15/recAl end A l  gyM 96(N af) thi hsdR l 7(rK-mK+) supE44 rel 

1 lac.

Production of GST-fusion proteins was performed using the E.Coli strain BL21 (F-ompT  

[Ion} hsdSB{ï'Q- m g - an E .C oli B strain) with DE3, a prophage carrying the T7 RNA 

polymerase gene (Studier, et al., 1990).
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2.1.3 Growth media and agar plates

Bacteria were grown in Luria-Bertani medium (LB). For plasm ids encoding Ampicilin 

resistance, Ampicilin was added to a concentration of lOOpg/ml. For growth of BL21 

bacteria, chloramphenicol was added to a concentration of 30|Xg/ml.

For plates, agar was added to 15g/l. All growth was carried out at 37 °C.

2.1.4 Preparation of electrocompetent bacterial cells.

Cells were streaked onto an LB agar plate without antibiotics. A single colony was then 

used to inoculate 10 mis of LB which was then incubated at 37 °C overnight. The 

overnight culture was then added to 1 litre of LB and grown to an absorbance at OD^qo of 

0.6. The bacteria were spun down at 4000 rpm for lOmins and then washed in 500mls 

sterile ice-cold water. The bacteria were again spun down, w ashed in 25mls ice-cold 

glycerol, spun down again and finally resuspended in 2.5ml 10% glycerol. Aliquots of 

lOOpl were stored at -8 0  °C.

2.1.5 Transformation of bacteria with plasmid DNA

20]i\ of electrocom petent bacteria with the DNA of interest were added to a 0.2cm 

electroporation cuvette kept on ice. A Biorad genepulser was then used to give a single 

pulse with the settings of 2.5KV, 200Q  and 25pF. Follow ing this the bacteria were

resuspended in 500 pi of LB and incubated at 37 °C for 1 hour before plating onto LB-

agar plates containing the appropriate antibiotics and incubating overnight at 37 °C.
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2.1.6 Ethanol precipitation of DNA

To precipitate DNA from an aqueous solution, 0.1 volumes of 3M Sodium Acetate pH 5.2 

was added to the solution followed by two volumes of 100 % ethanol. After incubation of 

the solution at -2 0  °C for at least lOmins followed by centrifugation at 13,000 rpm for 

10 mins, the DNA pellet was washed with 70% ethanol and dried at room temperature for 

10 mins. For the precipitation of small am ounts of DNA, such as ligations, Ip l of 

glycogen (1 mg/ml) was added before addition of Sodium Acetate and ethanol.

2.1.7 Phenol/chloroform extraction

A 1:1 m ix ture of Phenol and C h lo ro fo rm  eq u ilib ra ted  w ith  T ris pH 8.0, 

Phenol/Chloroform  (p/c), was obtained from Camlabs. Extraction of DNA samples in a 

volume of 50-500pl was earried out by vortexing with an equal volum e o f p/c in a 

microfuge tube followed by centifugation at full speed for 5 min. The aqueous phase was 

then transferred to a new microfuge tube and the process repeated followed by a final 

extraction with chloroform  to rem ove any traees of phenol. Finally the DNA in the 

aqueous phase was precipitated with ethanol.

2.1.8 Agarose gel electrophoresis of DNA

See Sambrook et al. (1989) chapter 6.

Briefly, 1% agarose gels were prepared by disolving agarose in IxTA E by heating in a 

microwave. After cooling , ethidium bromide was added to the solution to a concentration 

of lOOng/ml and the gel poored. lOx loading buffer consisting of 0.25% bromophenol 

blue, 0.25% xylene cyanol FF andl5%  Ficoll-400 was added to samples prior to loading 

on gel and DNA was resolved at 100 Volts. Finally, DNA was visualized by placing the 

gel on a UV transilluminator.
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2.1.9 Preparation of restriction digested vector DNA, plasmid inserts and PCR 

products

lOpg of plasmid DNA or 20pl of PCR product was digested in a final volume of a lOOpl 

with 5pi each of the appropriate restriction enzyme(s) and lOpl buffer at 37 °C for 2 hours 

or overnight. In the case of single digests of vector DNA self-ligation of the vector was 

inhibited by adding Ip l of shrimp alkaline phosphatase (Am ersham ) to the reaction 

mixture after digestion followed by a further incubation at 37 °C for 30 min. Digested 

DNA was purified by agarose gel electrophoresis followed by extraction of the band from 

the agarose gel using glass milk (gene clean).

2.1.10 Purification of restriction digested vector DNA, plasmid inserts and PCR 

products

Restriction digested DNA was purified by resolving it by agarose gel electrophoresis. The 

appropriate band was then cut out using a clean scalpel blade and purified using the 

GeneClean kit (B IO lO l) following the m anufacturer’s instructions.

2.1.11 Polymerase Chain Reaction (PCR)

PCR was carried using Taq polym erase (Promega) in a final concentration of: Ix the 

appropriate buffer supplied by the manufacturer, 0.25 mM dNTPs and IpM  forward and 

reverse primers . Amplification was caned out with 30 cycles of: dénaturation at 94 °C for 

30s, annealing at 52-56 °C (depending on the prim er melting temperature) for 45s and 

extension at 72 °C for 1 to 2 mins (depending on length of expected product).
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2.1.12 List of oligonucleotides used for PCR, mutagenesis and sequencing

Oligonucleotides used for constructing G A B r e c e p to r  y2L subunit OFF receptor fusion

EO F? PCR amplification primers 

Forward prim er

CTCGAGATGGTGAGCAAGGGC

Reverse prim er

CTCGAGCTTGTACAGCTCGTC

Mutagenesis prim er (to introduce Xho I site into pRK5 Y2L) 

GATATTAGTTTTTGTTCCTCCGAGATCTGACTTTTGG

Primers used for constructing the FLAG tagged GABARAP expression construct 

Forward prim er

CTCGGATCCAAGTTCGTGTACAAAG

Reverse prim er

GGGGAGTCTTCACAGACCGTAGAC

2.1.13 Ligations.

A rough estimate of the relative concentrations of vector and insert was made based on the 

intensity of bands on an agarose gel. Three different insert:vector ratios w ere used; 

approxim ately 2:1, 5:1 and 10:1. A control with no insert was also carried out. The 

reaction mixture was as follows:
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vector

insert

Ipl lOmM ATP (pH 7.5)

Ipl NEB T4 DNA Ligase Buffer 

Ipl NEB T4 DNA Ligase 

H2O to a final volume of lOpl

The reaction mixture was then incubated overnight at 16 °C. Following incubation, Ip l 

glycogen was added and the reaction mix ethanol precipitated. The pellet was then 

resuspended in lOpl water, and this was electroporated into X L lB lu e  bacteria as 

described. Mini-Preps (see next section) were carried out if an enhancement of more than 

two-fold from the control was seen from the numbers of colonies on the plates.

M ini-Preps were screened for successful ligation by restriction digestion, using the same 

enzymes which were used to prepare the fragments before ligation.

Plasmids containing inserts were sequenced to verify the correct insertion of the ligation 

product and in the case of PCR inserts for fidelity of the amplification.

2.1.14 Mini-preparation of plasmid DNA (mini-preps)

Alkaline lysis method

5ml of bacterial culture was centrifuged at 3500rpm for 5min in a bench-top centrifuge. 

The m edium was removed and the bacteria resuspended in lOOpl of solution I. To this 

was added 200pl solution II (made fresh on the day of use), and m ixed by inverting 

several times. After 5min, 150pl solution III was added. After mixing (not vortexing), and 

leaving on ice for lOmin, the tubes were centrifuged at full speed in a bench-top 

m icrofuge for lOmin. The supernatant was then removed to a fresh tube, and ethanol
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precipitated, followed by centrifugation at full speed for lOmin. The pellet was washed in 

1ml 70% ethanol, dried, and resuspended in 50pl water to which 1 |al RNAse was added.

2.1.15 DNA sequencing

This was carried out using the United States Biochemical sequencing kit.

5pl of the mini prep was added to Ipl IM  NaOH and Ipl sequencing prim er (21ng/pl). This

was incubated at 70^C for lOmin, and then allowed to cool slowly to 30®C. 4pl TDM N was 

added and left on ice before proceeding with the labelling reaction of the USB protocol.

TDMN; 3.2g TES, 0.5ml chloroform , 0.386g DTT, 4ml IM  M gCl2, 2ml 5M NaCl, ->50ml 

water

2.1.16 Maxi-preparation of plasmid DNA by caesium chloride banding

This was carried out as described in Sambrook et al (1989) pages 1.38-1.39 & 1.42-1.46.

I litre of bacterial culture in LB ampicillin grown overnight at 37®C was centrifuged at

4,000 rpm for 15 mins. This was resuspended in 10ml Solution I, to which 20ml Solution

II was added and mixed well. 15ml Solution III was added and left on ice for 5min. This 

was centrifuged for lOmin at 4,000 rpm. To the supernatant was added an equal volume 

of isopropanol, follow ed by centrifugation for lOmin at 4,000 rpm. The pellet was 

resuspended in 6ml lOX TE to which was added 6 g CsCl and lOOpl lOmg/ml Ethidium 

Brom ide. This was centrifuged at 100,000 rpm overnight in a B eckm an TEN 100 

ultracentrifuge rotor. DNA bands were pulled using a 5ml syringe and w ide-bore
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hypodermic needle and the ethidium bromide removed by butanol extraction with water 

saturated butanol a sufficient number of times to remove all Ethidium Bromide colouring. 

The DNA was precipitated by adding 2 volumes of ethanol and centrifuged at 4,000rpm 

for 5min. The DNA pellet was then resuspended in 1ml I OX TE follow ed by 2X 

phenol/chloroform  extraction and IX  chloroform  extraction. The DNA was again 

precipitated by adding 2 volumes of ethanol and centrifuged at 4,000rpm  for 5min. and 

finally resuspended in TE to a concentration of 1 mg/ml. The DNA concentration was 

determined by reading the absorbance at 260nm.

2.2.0 Cell Biology

2.2.1 Antibodies

The anti-myc (9E10) antibody was obtained from 9E10 hybridom a cells (Connolly et al., 

1996a) and used directly as supernatant (10 |Llg/ml) or purified on immobilized protein A. 

Anti-GFP and anti-GABA^ receptor p2/(33 subunit mouse monoclonals were obtained 

from Roche M olecular Biochemicals and used at 1 (ig/ml and 10 |ig/m l, respectively. The 

rabbit anti-y2 antibody was raised against a 15 amino acid peptide from  the amino 

terminus of y2 (Benke et al., 1994) and used at 5 |ig  /ml. The rabbit a n ti-a l subunit was 

raised to an N-terminal peptide (Gorrie et al., 1997) and used at 5 p,g/ml. The rabbit anti- 

glutamic acid decarboxylase (GAD) antibody was from Chem icon and used at 1:200. 

Guinea Pig anti-GABA^ receptor y2 subunit antibody (Benke et al., 1994), rabbit anti- 

GABARAP antibody (Wang et al., 1999), Anti a  and p-adaptin antibodies (Sigma), rabbit 

anti-synaptophysin antibody and mouse anti-gephyrin antibody M ab7a (Chemicon) were 

used for im munofluorescence at 1:100. The Anti p l/3  was used for immunofluorescence 

at 10 |ig /m l (M cDonald et al., 1998). A nti-N SF mouse m onoclonal (2E5) and anti- 

synaptophysin mouse m onoclonal (Chem icon) were used for im m unofluorescence at
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10|Lig/ml. Secondary antibodies were from M olecular Probes and Jackson and used at 

1:400.

2.2.2 Cell line culture

COS cells and Human embryonic kidney cells were most routinely used for transiently 

expressing proteins of interest. They were grown at 37°C with 5% CÜ2 in Dulbeco's 

M odified Eagle Medium (DMEM) supplemented with 1 mM Glutamine and 10% Foetal 

Calf Serum.

2.2.3 Transient transfection of A293 & COS cells

Two dishes, seeded at 2X10^ cells/10-cm dish, of exponentially growing cells at 30-50% 

confluence were used per transfection. Cells were trypsinised from the dish and washed 

once in 50ml DMEM. After centrifugation at l,000rpm  for 2min, the cells were washed 

once in 10ml Optim em (Gibeo), and then resuspended in 0.5ml optimem . Cells were 

transfected by electroporation (400 V, infinity resistance, 125-|xF B io-R ad Gene 

E lectropulser II) with 10 |ig  of DNA using equim olar ratios of expression constructs 

(C onnolly  et al., 1996a). C ells w ere used  18-36 h afte r tran sfec tio n . For 

immunofluorescence studies cells were plated onto poly-L-lysine/fibronectin (10 p.g/ml)- 

coated coverslips and analyzed 18-36 h after transfection.

2.2.4 Culture and microinjection of low density hippocampal cultures

Low density cultures of hippocampal neurones were prepared as described previously 

(Goslin and Banker, 1991) on poly-L-lysine eoated (1 mg/ml) glass coverslips over a glial 

feeder layer. Briefly, from embryonic day 18 (E l8) rats hippocampi were disseeted in IX 

hepes buffered (10 mM) HBSS under a dissecting m icroscope. H ippocam pi were 

trypsinised for 15 min in IXHBSS with 0.25% trypsin followed by 3X 5 min washes in
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IX HBSS. After the final wash, hippocampi were triturated in 1ml IX HBSS with 2 fire 

polished pasteur pipettes (5 passes each), the second pipette having a 60-70% diameter of 

the first. The number of live cells was then counted in trypan blue and cells were plated 

on polylysine treated (1 mg/ml) coverslips with parafin legs at a density of 2600-10000 

cells cm^ in attachment medium. After allowing the cells to attach for 4 hours or overnight 

coverslips were tranferred upside down to dishes of conditioned m aintenance medium 

over a g lial feeder layer. H alf the m edium  was changed  every  7 days. For 

electrophysiological recordings (performed by Dr Patrick Delmas) cells were prepared as 

above and plate on polylysine treated (0.05 mg/ml) 3 cm dishes at a density of 30 000-50 

000 cells per cm^. Half the medium was changed every 7 days and cells were used after 

14-21 days in culture.

Neurones were microinjected after 14-18 days in culture with a final pipette concentration 

of 0.05 jig/jLil DNA dissolved in IX phosphate buffered saline using equim olar ratios of 

expression constructs. DNA (1.2 pi) was loaded into pre-pulled high resistance (-3 0  

megaohm) "Pyrex" glass pipettes and injected into the nucleus of single neurones as 

described previously (Couve et al., 1998). After injections, cells were incubated for 24h in 

a humidified incubator (5% CO^) at 37 °C.

2.2.5 Immunofluorescence microscopy and quantitation of co-localisation

Cultured hippocampal neurones or A293 cells were fixed in 4% paraform aldehyde and 

then blocked in phosphate buffered saline (PBS) containing 10% fetal bovine serum and 

0.5% bovine serum albumin. W here appropriate, cells were perm eabilised with 0.2% 

Triton X-100 for 10 min in blocking solution. Subsequent antibody dilutions were
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performed in blocking solution and washes were in PBS. W hen antibody internalisation 

assays were performed with A293 cells, living cells were incubated with 9E10 (50 |Lig /ml) 

for 1 h on ice in DM EM  supplem ented with 25 mM HEPES and 0.5% bovine serum 

album in, pH 7.4 (C onnolly et al., 1999b). E xcess antibody was rem oved, and 

internalization was perform ed at 37 °C. For cultured hippocam pal neurones receptors 

were labelled at 37 °C with E D I7 (25 fig/m l) in culture medium. Coverslips were 

exam ined using a confocal microscope (MRCIOOO, Bio-Rad) with excitation at 488 nm 

for GPP, 568 nm for Texas red and 647 nm for Cy5 conjugated secondary antibodies. For 

quantitation of colocalisation, images were stored digitally and analysed using the Bio- 

Rad confocal software. Images were background subtracted to a user defined threshold to 

select im munoreactive punctae. The number of fluorescenct punctae for each fluorescent 

signal were counted on a 150-200 p,m of randomly chosen dendrites per cell and the 

number of overlapping punctae of the two fluorescent signals was counted to determine 

the extent of colocalization of the two immunoreactive punctae.

2.2.6 Live cell confocal microscopy

Live cell m icroscopy was perform ed using an inverted M RC 600 laser scanning 

microscope (Bio-Rad) with a 60 X 1.4 NA oil immersion lens 1.5 X zoom and single line 

excitation (488nm). A293 cells were transfected with the com binations of expression 

constructs described in the text and plated onto poly-L-lysine (lO pg/m l)-coated 22 mm 

coverslips. These coverslips were sealed with parafin to 6 cm dishes that were machined 

to contain a 15 mm hole in the centre of the dish. The cells were m aintained in DMEM 

supplemented with 25 mM HEPES and 0.5% bovine serum albumin, pH7.4 while on the 

microscope stage.

57



2.3.0 Biochemistry

2.3.1 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

3X SDS PAGE sample buffer (80mM  Tris-HCl pH 6 .8 , lOOmM DTT, 10% glycerol, 

2%SDS and 0.1 % bromophenol blue) was added to samples before loading.

Separating gels were made up as follows:

Tris-HCl pH 8.8 1.5M 7.5 ml

W ater 4- PROTOGEL (National Diagnostics) 26.6ml

(relative amounts of water and acrylam ide depended upon the size of proteins to be 

resolved)

10% SDS 0.3 ml

25% Ammonium Persulphate 0.3 ml 

N ,N ,N ’,N ’-tetramethyl-ethylene diamine (TEMED) 12pl

Stacking gels were made up as follows:

Tris-HCl pH 6.8 0.625M 2 ml 

W ater 6 ml 

PROTOGEL 1.66 ml 

SDS 10% lOOpl

25% Ammonium Persulphate lOOpl 

TEMED lOpl

Gels were run in IX  PAGE Buffer until the dye front reached the bottom  of the gel. If 

proteins were to be visualised directly, they were fixed and stained with 1% Coomassie 

Blue in 10% acetic acid/20% methanol and destained in 10% acetic acid/20% methanol. If
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proteins were to be visualised by western blotting, proteins in the PAG E gel were 

transfrred to a nitrocellulose membrane as described below.

2.3.2 Transfer of PAGE gels

The SDS-PAGE gel was placed against a pre-w etted Hybond nitrocellulose membrane 

(Am ersham ) with three pieces of W hatman 3mm filter paper on each side, and the 

completed "sandwich" placed in a BioRad transfer apparatus cassette. This procedure was 

carried out with all components submerged in transfer buffer. Transfer was carried out in 

a BioRad transfer apparatus with IX Transfer Buffer at 400mA for 2h. After transfer the 

filter was stained using 0.1% Ponceau S in 5% acetic acid, and the positions of protein 

lanes and m olecular weight markers marked with a ball-point pen. Excess Ponceau S was 

washed away with water.

2.3.3 Western blotting

Following transfer the filter was blocked with 4% marvel milk in 0.05% Tween-20 in 

PBS for 1 h. Antibodies were diluted to the appropriate concentration in blocking buffer 

and applied to the filter in a sealed plastic bag for Ih with vigorous shaking. Excess 

antibody was washed off with 4% marvel milk and 0.05% Tween-20 in PBS ( 5 X 5  min). 

Secondary antibodies were conjugated to Horseradish Peroxidase and washed off with 4% 

marvel milk in 0.05% Tween-20 in PBS (4 X 10 min) followed by 2X 5 min with 0.05% 

Tween-20 in PBS. HRP conjugated anti-mouse and anti-rabbit secondary antibodies for 

W estern blotting were from Jackson and used at 1:5000 and detected by application of 

Super Signal Chemiluminescent substrate (Pierce).
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2.3.4 GST-Fusion protein production

BL21 bacteria were transformed with pGEX constructs and plated onto LB Agar plates 

containing Ampicillin and Chloramphenicol. A 10ml LB Amp/Chlor culture was grown

overnight at 37®C, and added to 11 LB Amp the following morning. This was allowed to 

grow to an OD A600 of 0.5-0.7 (approx. 2.5 hours), after which isopropylth io-p-D - 

galactoside (IPTG) was added to a final concentration of 0.5mM . Induction was carried 

out at room temperature, and allowed to continue for 3-4h. The bacteria were centrifuged 

at 4,000 rpm, the pellet was then washed in 10ml buffer A, centrifuged again and the

pellet was generally left overnight at -20^C at this stage. The following day the pellet was 

resuspended in 10ml IX  TE containing lOOpM phenylm ethylsulfonyl fluoride (PMSF) 

and 1 jLig/ml each of antipain, leupeptin and pepstatin. Triton-X 100 was added to 1% and 

the mixture was sonicated at full power for 3 X 30s followed by addition of 25ml Buffer 

C -I- PMSF + and the mixture centrifuged at 30,000 rpm for 30min. To the supernatant was

added 1ml of pre-swollen glutathione-Agarose beads, and the mixture left at 4®C rotating 

for 2h (Glutathione-Agarose beads were pre-swollen in water for 30min, and then washed 

three times in Buffer C before use). After affinity-purification, the beads were washed 

four times with Buffer C + PMSF. Finally, the pellet of glutathione-agarose beads was 

resuspended in 1ml of buffer C and antipain, leupeptin and pepstatin were added to 10 

pg/m l. Recom binant myc-tagged NSF was a kind gift of Dr Gianpietro Schiavo (ICRF- 

London, UK) and purified as described previously (Sollner et al., 1993).

2.3.5 Affinity-purification ("pull-down”) assays

GST-fusion proteins were synthesised as described above, and were left bound to the 

glutathione agarose beads. Brain lysate was made by homogenising the tissue in a Down's
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Homogeniser in 20mM HEPES pH 7.5, 150mM NaCl, Im M  EDTA, 2 mM  EGTA, 1% 

Triton X-100, plus protease inhibitors PMSF, leupeptin, antipain, pepstatin (10 |ig/ml).

This was then centrifuged at 50,000 rpm for 30min at 4°C. The supernatant was incubated 

with the GST-fusion proteins bound to beads rotating for 2h at 4 °C. 50pg fusion protein 

was used per assay and 5mg of brain lysate. After incubation, the beads were washed four 

times with 1ml ice-cold lysis buffer, and resuspended in 50pl 2X SDS-PAGE sample 

buffer. Proteins were separated by SDS-PAGE and detected by western blotting.

2.3.6 Immunoprécipitation from brain extract

Brain lysate was prepared as above. After centrifugation, the lysate was precleared with 

50pl of a 1:1 slurry of protein A beads (Pharm acia Biotech) in lysis buffer with 50pg

rabbit non-im m une IgG (Pierce) for Ih at 4®C, rotating on a wheel. The beads were 

removed by centrifugation, and to the supernatant was added a further 50pl protein A (for 

polyclonal antibodies) or protein G (for monoclonal antibodies) slurry plus the antibody 

of interest. Im m unoprécipitations were carried out using 5-10 pg of antibody or an

equivalent am ount of IgG control. This was incubated at 4®C for 4h on a rotating wheel. 

The beads were then washed four times with 1ml ice-cold lysis buffer, and resuspended in 

50pl 3X SDS-PAGE sample buffer. Proteins were separated by SDS-PAGE and detected 

by western blotting.

2.3.7 Immunoprécipitation from transfected cells.

COS cells were transfected with the appropriate expression constructs and left to express 

overnight. The medium was removed from the cells, and they were washed in IX PBS. 

Cell lysate was collected in IP buffer (50mM  TrispH  7.6, 150mM NaCl, 50mM NaF, 

lOmM Na Pyrophosphate, ImM  Na Orthovanadate, 5mM EGTA, 5mM EDTA, 1% triton
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X I00, ImM  PMSF, lOjig/ml Leupeptin, Antipain, and Pepstatin) and the nuclei removed 

by centrifugation at full speed in a bench-top microfuge for 15min. To the supernatant 

was added 50p,l protein A or protein G sepharose slurry along with 5-10)ig of antibody. 

This was incubated for 2h on a rotating wheel at 4°C. The beads were washed 3X with IP 

buffer. The beads were resuspended in 50|il 2X SDS-PAGE sample buffer and proteins 

were separated by SDS-PAGE and detected by western blotting.

2.3.8 lodinated antibody binding

Affinity-purified 9E10 antibody was iodinated to a specific activity of 500Ci/mmol using 

Bolton and Hunter Reagent according to the m anufacturer’s instructions (A mersham 

Pharmacia Biotech). The iodinated antibody was titrated on (33^ ’̂°-transfected A293 cells 

and used at saturating concentration (lOnM) for surface binding. The affinity of the 

antibody for (33^^'° subunit was determ ined to be 0.5nM  by Scatchard analysis as 

determ ined previously (Connolly et al., 1999b). Surface binding was perform ed by 

preincubation in binding medium (DMEM without bicarbonate, using 25mM HEPES and 

0.5% bovine serum albumin, pH 7.4) for 1 h on ice, followed by incubation with iodinated 

antibody for 1.5 h on ice. Cells were washed five times in binding medium, trypsinized, 

and quantified by counting y emissions. Nonspecific binding was determined using mock 

transfected cells.

2.4.0 Commonly Used Buffers

TAE (Tris-Acetate EDTA) 40mM  Tris-acetate

Im M  EDTA (pH 8.0)

TBE (Tris-Borate EDTA) 90mM Tris-borate
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2mM EDTA

TE (Tris EDTA) usually pH 7.6 lOmM Tris.HCl (pH 7.6) 

Im M  EDTA (pH 8.0)

SDS-PAGE buffer (Sodium Dodecyl Sulphate 

Polyacrylamide Gel Electrophoresis Buffer) 25mM Tris

250mM glycine (pH 8.3) 

0.1% SDS

Western Blotting Transfer Buffer 50mM Tris 

380mM glycine 

0.1% SDS 

20% methanol

Solution I (For mini-preparation of plasmid DNA) 50mM glucose 

25mM Tris pH 8.0 

lOmM EDTA

Solution II 1% SDS 

200mM  NaOH

Solution III 5M potassium acetate (made 

by adding 29ml glacial acetic
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acid to 50ml H 2O and, on 

ice, adding lOM KOH to pH 4.8)

Buffer A(For GST fusion protein purification) 50mM Tris pH 8.0 

25% sucrose 

lOmM EDTA

Buffer B lOmM Tris pH 7.6 

ImM  EDTA

Buffer C 20mM HEPES pH 7.6 

lOOmM KCl 

ImM  EDTA 

20% glycerol

5mM DTT (Dithiothreotol)

Phosphate Buffer pH 7.6 84.5mM N a2H P04 

15.5mM N aH 2P04
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CHAPTER 3

3.1 Introduction

As discussed in the introduction, the large number of GABA^ receptor subtypes provides 

the po ten tial for considerab le  structura l d iversity . H ow ever, b iochem ical and 

im m unological analysis of neuronal receptors has revealed the existence of receptors 

containing only a lim ited num ber of subunit com binations. There m ust therefore be 

m echanism s to control subunit o ligom erisa tion  allow ing only certa in  subunit 

com binations to form. Furtherm ore, GABA^ receptors are clustered and anchored at 

specific postsynaptic sites within the neurone. These processes as well as the mechanisms 

im portant for the cell surface targeting of GABA^ receptors are essential for the correct 

function of inhibitory synaptic transmission (Essrich et al., 1998; Crestani et al., 1999). 

However, the m olecular m echanism s that govern the assem bly, cell surface sorting, 

postsynaptic m em brane insertion and anchoring of these channels are still poorly 

understood. To gain further insight into these processes it would be useful to be able to 

study receptor assembly and clustering in live cells. This is particularly im portant because 

it has been shown that the levels of GABA^ receptors can be regulated by a number of 

processes including kinase activation and kindling (Barnes, 1996; Connolly et al., 1999b; 

N usser et al., 1997). Shi et al., recently used fusion proteins of GPP and the G luR l 

subunit o f AM PA type glutamate receptors to study the translocation of these receptors 

into spines upon induction of LTP (Shi et al., 1999). Numerous other groups have also 

used GPP fusions to study receptor processes (Carter and Sorkin, 1998; Doherty et al., 

1999; David-W atine et al., 1999).

To date the study of GABA^ receptor assembly (Connolly et al., 1996a; Gorrie et 

al., 1997, Taylor et al., 1999, 2000), targeting (Connolly et al., 1996b) and endocytosis 

(Connolly et al., 1999a,b) in mammalian cell lines and neurones has been lim ited to 

antibody labelling m ethodologies. However these m ethodologies are not adequate for
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visualising receptors in live cells and cannot be used to label intracellular receptors in 

non-perm eabilised  cells. Furtherm ore, fixation and sam ple p reparation  for light 

microscopy can lead to re-distribution of proteins and changes in the morphology of 

endosomal compartments (Carter and Sorkin, 1998). In addition to this, although antibody 

feeding can be used to study receptor internalisation, a num ber of lim itations to this 

approach can arise including non-stoichiometric labelling of receptors, partial dissociation 

of antibody-receptor complexes in acidic organelles and sorting of antibody and receptor 

to different com partments (Carter and Sorkin, 1998; Connolly et al., 1999a). GPP from 

the jelly fish Aequoria victoria  has been used as a fluorescent reporter molecule in the 

localisation of an increasing number of proteins (Tsien, 1998). Importantly, the fusion of 

GPP to the receptor allows the study of receptor localisation and surface stability to be 

investigated in live cells. To facilitate the study of GABA^ receptor assembly, membrane 

targeting and trafficking, y2 subunit green fluorescent protein (GPP) fusion proteins were 

constructed that contain GPP either at the amino or carboxyl terminus.

GABA^ receptors comprise several receptor subunit classes the majority of which 

contain multiple members. It is however, generally believed that the majority of receptors 

in the CNS contain at least an a , (3 and y subunit (M acdonald and Olsen, 1994; Rabow, 

1995). Of these subunit classes, the y2 subunit is important in multiple aspects of GABA^ 

receptor function and therefore appeared to be a particularly good candidate for tagging 

with GPP. F irstly , although production of G A BA -gated channels is achieved upon 

expression of receptor a  a n d  (3 subunits, the co-expression of a y subunit isoform 

confers benzodiazepine sensitivity (Gunther et al., 1995). The GABA^ receptor y2 subunit 

is also the m ajor site of tyrosine phosphorylation of GABA^ receptors (Moss et al., 1995). 

Importantly, the GABA^ receptor y2 subunit has also been shown to be essential for the 

cell surface targeting and postsynaptic clustering of m ajor GABA^^ subtypes in vivo 

(Essrich et al., 1998). The intracellular loop of the y2 subunit is also essential for the
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interaction with the cytoskeletal linker molecule GABARAP, a small 17 kDa microtubule 

binding m olecule that may be im portant for receptor anchoring (W ang et al., 1999). 

Finally, the protein kinase C mediated internalisation of GABA^ receptors has been found 

to be dependent on the presence of a yZ subunit (Connolly 1999b). It is therefore clear that 

the y2 subunit plays a key role in GABA^ receptor function and would be a good 

candidate subunit to use to make a fluorescent GABA^ receptor subunit GFP fusion 

protein.

Alternative splicing generates 2 forms of the y2 subunit, y2L and y2S that differ by 

the presence ^ f^ ^ m in o  acids in y2L (W hiting et al., 1990; Kofuji et al., 1991). Recently 

it has been shown that these two subunits differ in their ability to access the cell surface. 

W hereas the y2S subunit is able to access the cell surface as a non-functional monomer, 

the y2L subunit can only access the cell surface when co-expressed with an a  and p 

subunit (Connolly et al 1996a, 1999a). It was therefore decided to make GFP fusion 

proteins of the y2L subunit. This would ensure that when co-expressed with an a  and p 

subunit any y2LGFP cell surface fluorescence w ould be represen tative of fully 

oligomerised receptors containing a ,  p and y2L subunits.

Addition of the green fluorescent protein to the y2L subunit would result in an 

increase in 30 kDa to the molecular weight of this subunit polypeptide. This could in 

theory affect the folding, subunit assembly and / or function of the subunit. It is also 

possible that fusing the two polypeptides could have a negative influence on the 

fluorescence of GFP.

Experim ents were carried out to determ ine a num ber of the criteria listed below that 

would be essential for the use of the y2L subunit GFP fusion proteins.

Specifically that:
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1) the expressed y2L subunit GFP fusion proteins were of the correct size and that the 

GFP moiety was not subject to proteolysis

2) the fusion proteins produced a green fluorescent signal.

3) upon heterologous expression the subunit could be correctly targeted to cell surface in 

a similar fashion to the wild type subunit and that it behaved similarly to the wild type 

subunit with respect to it’s cell biology.

4) cell surface receptors containing y2L subunit GFP fusion proteins were functional and 

had a similar pharmacology to wild type receptors.

5) the y2L subunit GFP fusion proteins could be introduced into neurones and targeted to 

inhibitory postsynaptic sites at the cell surface.

The expression, assem bly and function of GABA^ receptors containing the y2L 

subunit GFP amino and carboxyl terminal fusion proteins was tested in A293 cells using 

both biochem ical and im munocytochem ical techniques. The correct function of these 

channels was also tested in A293 cells using electrophysiological methodologies. Finally, 

to study the expression and synaptic targeting of these constructs in neurones they were 

introduced into cultured hippocampal neurones by nuclear microinjection.
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3.2 Expression of 72-GFP inserted at either the amino or carboxyl terminus

To construct GFP fusion proteins of the y2L subunit, it was necessary to determine 

the best region in which to attach/insert the GFP moiety. GABA^ receptors contain 

extracellular amino and carboxyl termini and a large intracellular loop. In theory, it would 

be possible to introduce the GFP coding region into the intracellular loop how ever this 

could disrupt putative interactions between this region and receptor associated proteins. 

This would be particularly problematic for studying clustering and anchoring of receptors 

since it is thought that receptor associated interactions may be im portant for attachment to 

the cytoskeleton (Wang et al., 1999). To avoid this, GFP was added to the extracellular 

regions. The yZL subunit has a particularly short extracellular carboxyl terminus. It was 

therefore possible that addition of GFP to the carboxyl terminus may affect assembly or 

folding due to the resultant close proximity of GFP to the membrane. For this reason, an 

amino terminus yZL GFP fusion protein was constructed.

Because the y2L subunit is a transm em brane protein that contains a signal 

sequence that is cleaved to form the mature polypeptide it was necessary to insert GFP 

after this region. An amino terminus y2L GFP fusion protein was constructed by inserting 

EGFP between amino acids 4 and 5 of the mature (minus the signal sequence) y2L 

subunit. This construct was term ed y2L-GFPN (Fig. 2A) and also incorporated a myc 

(9E10) epitope tag directly after the GFP (Fig. 2A). To construct y2L-G FPN , an Xho I 

site was introduced between amino acid 4 of y2L and the first amino acid of the myc 

(9E10) tag by site directed mutagenesis. GFP was amplified by polymerase chain reaction 

(PCR) using prim ers containing flanking Xho I sites and ligated into the Xho I site of 

Y2L to produce y2 L-G FPN . A carboxyl terminus y2L GFP fusion protein (termed y2L - 

GFPC) was provided by Dr Jianfeng Wang (Fig. 2A) and the properties of this construct 

w ere c o m p a re d  to th o se  o f the y 2 L - G F P N .  To c o n s tru c t 2Iy-
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GFPC, t2L was amplified by PCR and cloned as a B am H l/S pel fragment into peGFPC- 

N1 (Cion tech).

The expression of y2L -GFPN and y2L -GFPC in A293 cells was exam ined using 

SDS-polyacrylam ide gel electrophoresis followed by w estern blotting. Since the y2L 

subunit GFP fusion proteins contained GFP it should be possible to detect expression of 

these fusion proteins with an anti-GFP antibody as well as with an anti- y2L subunit 

antibody. In addition, because y2 L -G FPN  also contains a myc (9E10) tag, it should be 

possible to detect expression of this protein using anti myc (9E10) antibody. Using an 

antibody to GFP a broad band (75-80kDa) of the expected molecular weight could clearly 

be detected in cells transfected with yZL -GFPN, but not in untransfected cells (Fig. 2B). 

The expression of y2L-GFPN was also com pared to cells transfected with myc (9E10) 

tagged wild type y2L subunit (Connoly et al., 1996) using a mouse anti-myc antibody and 

an antibody raised to the amino terminus of y2L (Fig. 2C). W ild type receptor could be 

detected as a broad band between 45 and 50 kDa and y2L -GFPN could be detected as a 

broad band between 75 and 80kDa. That both myc (9E10) tagged y2L and y2L -GFPN 

appeared as broad bands may be due to proteolysis, a com mon observation for this 

subunit (Moss et al., 1992; Connoly et al., 1996a,b). Importantly the y2L -GFPN chimera 

expressed at similar levels to the wild type myc (9E10) tagged receptor (Fig. 2B,C).

Surprisingly, in cells transfected with y2L -GFPC only a faint band could be 

detected at 80kDa (see arrow Fig. 2B) with a prom inent doublet at 30kDa which is the 

expected molecular weight of GFP alone. This would suggest that although insertion of 

GFP at the C-terminus of the y2L subunit produces a full length chimera, in the majority 

of the y2L -GFPC polypeptides GFP appears to be proteolysed. Furthermore, it was very 

difficult to detect y2L -GFPC using the anti y2L subunit antibody suggesting that this
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Figure 2: Expression of y2L -GFP fusion proteins in mammalian cells.
A, Schematic representation of GFP inserted at the amino terminus (y2L-GFPN),
4 amino acids upstream of the signal sequence (s.s.). The transmembrane domains 
are represented by black bars. In y2L -GFPN, GFP is followed by a myc (9E10) epitope 

tag. In y2L -GFPC, GFP is fused to the carboxyl terminus of y2L. B, Expression of 
y2L -GEPN and y2L -GFPC in mammalian cells. A293 cells were transfected with 
wild type y2L, y2L -GFPN, y2L -GFPC or no DNA and lysates separated on 10 % 
SDS-PAGE. Gels were transferred to nitrocellulose membranes and analysed by 
western blotting with a monoclonal antibody against GFP (anti-GFP). A faint band 
at approximately 80 kDa could be detected in y2L -GFPC lysates. No bands were 
detected in untransfected (no DNA) or y2L lysates. C, A293 cells transfected with 
y2L or y2L -GFPN or control untransfected cells (ut) were treated as above and 
analysed with an anti-y2 polyclonal antibody or monoclonal anti-myc (9E10).
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construct is more labile and may be more rapidly degraded than either the wild type or 

y2L  -G FPN .

3.3 Expression of alpZyZ-GFPN and alpZyZ-GFPC receptors in live A293 cells

The biochem ical results revealed that both y2L GFP fusion proteins were 

expressed (although in the case of yZL-GFPC this appeared to be at lower levels). The 

next step was to determine if these proteins could produce a fluorescent signal and could 

be targeted to the cell surface. To achieve this the y2L -GFPN and y2L -GFPC constructs 

were expressed in conjunction with an a l  and p2 GABA^ receptor subunit in A293 

cells. Using confocal microscopy a significant proportion of a lp2y2-G F P N  fluorescence 

could be detected at the cell surface in live cells (Fig. 3A). It was also possible to visualise 

the Y2L-GFPC in cells co-transfected with a l p 2  (Fig. 3B) however, few er cells showed 

obvious cell surface fluorescence and this usually appeared to be weaker than that of y2L- 

GFPN.

To verify that receptors containing y2L-GFPN and y2L -GFPC were at the cell 

surface, immunofluorescence experiments were carried out. Unperm eabilised cells were 

immunolabelled with antibodies to either GFP, the amino terminus of the y2L subunit or 

myc in the case of a lp 2 y 2 L  -GFPN (fig. 4A-C) expressing cells. In the case of alp2'y2L- 

GFPC (Fig. 4D,E), expressing cells were im m unolabelled with antibodies to GFP or the 

amino terminus of the y2L  subunit. Labelled cells were then visualised with Texas Red 

secondary antibody. For y2L-G FPN and to a lesser ex ten t y2L-G FPC, confocal 

microscopy revealed a large amount of colocalisation of the EGFP signal with that of 

Texas Red, seen as yellow (Fig. 4A-E). Since the labelling experiments were carried out 

in the absence of cell permeabilisation, this dem onstrated that both y2L -GFP chimeras 

are targeted to the cell surface.

72



Figure 3: Visualisation of y2L-GFP chimeras co-expressed with a l  and p2 in 
live mammalian cells.
A293 cells were transfected with either a  I p2y2L-GFPN (B) 
or a  I p2y2L -GFPC (A) and viewed using a confocal microscope. Bright green 
fluorescence could be detected at the plasma membrane. Green fluorescence could 
also be detected in intracellular compartments. The scale bar = 10 um .
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Figure 4: Cell surface localisation of y2L -GFP chimeras co-expressed with a l  and p2 
in mammalian cells. A293 cells were transfected with either a  1 (32y2L-GFPN (A-C) or 
a  1 [32y2L-GFPC (D,E) and immunolabelled without permeabilisation using polyclonal 
antibodies to the N-terminus of y2L (A,D), monoclonal anti-GFP (B,E) or monoclonal 
anti-9E10 (C) followed by detection with anti rabbit or mouse conjugated Texas Red 
secondary antibodies. Images were collected by confocal microcopy. Signals can be seen to 
co-localise as yellow staining at the cell surface indicating surface receptors.
The scale bar = 10 pm .
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The western blot experiments would suggest that a large amount of proteolysis of 

GFP occurs to the y2L -GFPC polypeptide. However, the ability to detect some of the y2L 

-GFPC fusion protein at the cell surface with the anti-GFP antibody is in agreement with 

the faint 80kDa band detectable by western blot and the ability to record functional 

G ABA activated responses in cells expressing this subunit (see below). Furthermore, in 

the case of y2L -GFPC, since GFP is fused to the carboxyl terminus of the subunit, the 

fact that it can be detected in unperm eabilised cells, directly dem onstrates that the 

carboxyl terminus of the GABA^ receptor y2L subunit is extracellular.

3.4 GABAa receptors containing y2L -GFP form functional ligand gated ion channels

Once it had been determined that the y2L subunit GFP fusions were expressed and 

exhibited green fluorescence it was obvious to check if they exhibited similar functional 

properties to the wild type receptors. The functional effects of inserting EGFP at the 

amino or carboxyl terminus of the y2L subunit were tested by using whole-cell patch 

clamp electrophysiology in A293 cells (electrophysiological recordings were carried out 

by Professor Trevor Smart, School of Pharmacy). y2L -GFPN or y2L -GFPC expressed in 

A293 cells in conjunction with a l  and (32 GABA^ receptor subunits (a lp2y2L -G F P N  or 

al|32y2L-G FPC) were com pared to A293 cells containing al|32y2L. The equilibrium  

G ABA concentration response curves for receptors incorporating y2L-GFPN or y2L- 

GFPC subunits w ere sim ilar to that observed  for w ild-type a l (32y2L receptors. 

Exam ination of the curves (Fig. 5) revealed a small leftward shift for both a  1 (32Y2L- 

GFPC and al|32y2L-GFPN  receptors, yielding ECggS of 4.5 ± 0.21 fiM (al(32y2L-GFPC, 

n = 3) and 3.1 ± 0 .1 9  |iM  (a l(3272L-GFPN, n = 4), com pared to the wild-type receptor 

EC50 of 10.22 ± 0.26 |llM (al|32'y2L, n = 7). However, the slopes of the curves were
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Figure 5: Kquilibrluni GABA concentration response curves obtained from 
A293 cells expressing GFP/y2I. subunit chimeras
Rquilibrium GABA concentration response curves obtained from A293 cells 
expressing a  1 p2y2L-GPPC, a  1 p2y2L-GFPN, or a  1 p2y2F wild-type receptors.
In each cell the GABA-activated currents have been normalised to the current 
evoked by 500 pM GABA. Each point represents the mean ± s.e.in. (n= 3-7)
A293 cells were voltage-clamped at -50  mV holding potential and GABA was 
rapidly applied from a nearby (<200 pm) Y-tube. The curves were generated by 
the equation:

I = Imax.(l/(l-h(EC50/| Aj)n),

where 1 and Imax represent the currents induced by a concentration. A, and 
saturating concentration of GABA respectively. EC50 represents the GABA 
concentration required to evoke half the maximal response and iiH is the Hill slope.
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essentially unaltered (n„ 1.0 ± 0.06, a lp iyZ L -G F P C ; 1.2 ± 0.08, alp2y2L -G FPN ; 1.15 ± 

0.03, a ip2Y 2L ;n  = 3 - 7 ) .

The reduced E C ^ for the GFP tagged GABA^ receptors could have been partly 

caused by heterogeneity in the expressed receptor population. This could occur if for 

example, there was poor assembly of the y2L GFP fusions into heterom eric receptors 

resulting in a higher proportion of a p  receptor isoforms. To determine further if this was 

the case the sensitivities of the receptors to Zn̂ "̂  and diazepam were tested. The y2 subunit 

confers both sensitivity to diazepam and insensitivity to zinc. Therefore, if a significant 

proportion of receptors contained aP  subunit isoforms lacking the y2L subunit the result 

would be a poor potentiation by diazepam and an increased zinc sensitivity of the whole 

cell GABA response compared to cells expressing wild type receptors.

A293 cells expressing GABA^ receptors were subjected to rapid application of 

200 pM  GABA to evoke near maximal peak and steady-state GABA-activated currents 

(cf. Fig. 4). This concentration was then co-applied with 10 pM  Zn^^, a concentration that 

would not normally affect a p y  subunit containing receptors but is approximately 6 times 

the IC50 for Zn^^ inhibiting GABA (ECggj-activated responses on a P  constructs (Draguhn 

et al., 1990; Sm art et al., 1991; Sm art et al., 1994). W hereas y2L-GFPN subunit- 

containing GABA/^ receptors were similar in their Zn^^ sensitivity to wild-type receptors 

(Fig. 7A,B), a lp2y2L -G FPC  subunit-containing receptors showed an increased Zn^^ 

sensitivity with substantial reduction in the steady state current (Fig. 6A,B). A comparison 

of the expressed GABA^ receptor sensitivities to diazepam (IpM ) revealed that GABA 

(IpM )-activated currents were generally potentiated to a similar extent in alp2y2L -G FPN  

receptor expressing cells compared to their a lp2y2L -G FPC  counterparts (Fig. 6C, 1C), 

suggesting that interference with benzodiazepine allosteric m odulation by GFP was 

unlikely.
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Figure 6 : Analysis of GABA-evoked currents from A293 cells expressing 
aipZyZL-GFPC receptors.
A, Typical GABA (200 pM) activated currents obtained in the absence and presence 
of 10 pM  Zn2+ and following a 3 min recovery. Holding potential -50  mV. B, Bar 
graph of peak and steady-state 200 pM GABA-activated cuirents recorded before, 
during 10 pM Zn2+ and after recovery. C, Histogram of 1 pM  GABA-activated currents 
obtained in the absence and presence of 1 pM diazepam and following recovery. All bars 
represent the mean ± s.e.m. from n = 3 cells.
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Figure?: Analysis of GABA-evoked currents from A293 cells expressing 
aip2Y2L-GFPN receptors.
A, Sample membrane currents evoked by 200pM GABA prior to, during 
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-50  mV. B, Bargraph of peak and steady-state 200pM GABA-activated currents 
obtained in the presence and absence of lOuM Zn2+ and following recovery.
C, GABA (IpM) activated currents recorded before, during exposure to IpM  
diazepam and following recovery. Bars represent mean ± s.e.m. from n = 4 cells.
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The increased sensitivity in cells expressing a lp 2 y 2 L -G F P C  com pared to 

alp2y2L -G FPN  suggests that there are significant numbers of receptors composed of just 

a l p 2  subunits in the (xlp2y2L-GFPC expressing cells. This suggests that while the y2L- 

GFPC subunit can form functional a ip 2 y 2 L  heteromers the efficiency of the assembly 

process may be reduced when compared to the y2L-GFPN subunit-containing receptors. 

This appears to result in the production of a i p 2  receptors in cells transfected with 

a l ,  p2 and y2L-GFPC cDNAs.

The biochemical, im munocytochemical and electrophysiological experiments so 

far described strongly suggest that addition of GFP to the carboxyl term inus o f the y2L 

subunit reduces the expression and stability of this construct as well as i t ’s ability to 

assemble with of a l ,  P2 and y2 subunits. Because insertion of GFP at the amino terminus 

of the y2L subunit appears to be functionally silent all further experiments were carried 

out using Y2L-GFPN.

3.5 Surface expression of y2L -GFPN is dependent on co-expression with a l  and p2 

subunits

To study the assembly of GABA^ receptors containing y2L-GFPN, this subunit was 

expressed in A293 cells alone or in combination with a l  or P2 subunits. The subcellular 

distribution of y2L-GFPN fluorescence was investigated in live cells using confocal 

m icroscopy and in both perm eabilised and non-perm eabilised cells. In live cells the 

majority of fluorescence signal showed a perinuclear localisation consistent with retention 

in the ER (Fig. 8A). This could be observed as a tight ring and a very bright perinuclear 

ball of fluorescence. In fixed cells, surface expression of this protein could not be detected 

under non-permeabilised conditions (Fig. 8C) using anti-y2 antibody but abundant y2L- 

GFPN green fluorescence could be seen in the same cell (Fig. 8B) confirm ing that y2L-
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GFPN alone cannot access the cell surface. Similarly, im m unofluorcscncc experiments 

were carried out on non-permeabilised cells expressing either a l/y2L -G FPN  or p2 I '^h -  

GFPN with anti-y2 antibody, followed by perm eabilisation and staining with sera to the 

a l  or P2 subunits (to verify the co-expression of these subunits). This revealed that the 

al/y2L-G FPN  or (32 /y2L-GFPN combinations were also unable to access the cell surface 

(8D-I) and appeared to be ER retained. Therefore the cell surface targeting of y2L-GFPN 

(Fig. 4) is clearly dependent on co-expression with the receptor P2 and a l  subunits. This 

has been previously demonstrated for the wild type 'y2L subunits (Connolly et al., 1996a; 

1999a) and confirms that the trafficking properties of y2L-GFPN are identical to those of 

the wild type y2L.

3.6 GABAa receptors containing y2 -GFPN constitutively endocytose and are 

removed from the surface upon PKC activation

Further experim ents were carried out to investigate the endocytosis and cell surface 

stability of G A B r e c e p t o r s  containing a lp2y2L -G F P N  expressed in A293 cells using 

antibody feeding and triple im m unofluorescence confocal m icroscopy. To m onitor 

receptor internalisation the extracellular myc (9E10) epitope present on yj-GFPN (Fig. 

2A) was used to carry out antibody internalisation experiments with affinity purified anti- 

myc (9E10) antibody. Surface receptors in live cells were labelled with 50 pg  /ml myc 

(9E10) antibody at 4 °C and following removal of excess antibody, cells were incubated at 

37 °C for 1 h. After incubation, cells were fixed and the remaining cell surface receptors 

were visualised using a Texas Red-conjugated secondary antibody. Cells were then 

permeabilised and internalised receptors were detected using a Cy5-conjugated secondary 

antibody. Using this approach combined with triple fluorescence confocal microscopy to 

detect y2L-GFPN at 488nm  Texas Red at 568nm, Cy5 at 647nm, it was possible to 

distinguish between cell surface and internalised GABA^ receptors as well as newly
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Figure 8 : Subunit dependency of 72L -GFPN cell surface targeting in 
mammalian cells.
Subcellular localisation of 72L -G FPN  was assessed in A293 cells expressing 

72L -G FPN  (A-C), P2/72L -G FPN  (D-F) and a l / 72L -G FPN  (G-I) via confocal 
microscopy. Expression was measured using endogenous y2L-GFPN fluorescence 
(A. B, E, H) or immunofluorescence in unpermeabilised (C, F, I) or permeabilised cells 
(D.G) using anti-72 (C, F, I), anti-p2/3 (D) or an ti-a l (G) and anti-rabbit or mouse 
Cy5 conjugated secondary antibodies. The scale bar = 10 pM.
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synthesised receptors in the ER, Golgi and tan sport vesicles. Cell surface receptors could 

be detected as the 'y2L-GFPN fluorescence colocalising with Texas Red (Fig. 9A,C,D,F) 

and internalised receptors as the yZL-GFPN fluorescence colocalised with Cy5 whereas 

green fluorescence not found to colocalise with either Texas Red or Cy5 represented 

receptors on their way through the biosynthetic pathw ay (Fig. 9C,F). From  this 

experim ent it was possible to see that G A B r e c e p t o r s  containing aip2'y2L-GFPN 

internalised efficiently to an intracellular compartment that was distinct from receptors on 

their way through the biosynthetic pathway as visualised by the endosome like structures 

that contained both green and blue fluorescence (Fig 9F,F).

It has been previously reported that GABA^ receptor surface levels are reduced 

upon protein kinase C activation (Connolly et al., 1999b). Live A293 cells transfected 

with a lp2y2L -G F P N  were imaged by confocal microscopy under steady state (Fig. lOA) 

or after PKC activation with 200 ng/ml phorbol 12-myristate 13-acetate (PMA) followed 

by incubation at 37 °C for 1 h (Fig. lOB). Following PKC activation it was possible to 

detect a decrease in cell surface fluorescence of y2L-G FPN  due to a reduction in cell 

surface levels (Fig. lOB). Quantitation of G ABA ^receptor surface levels by visualisation 

of GFP fluorescence may be inaccurate since this method would detect both cell surface 

and intracellular receptors. Therefore, to quantitate the PKC induced decrease in number 

of 9F10-tagged a lp2y2L -G F P N  cell surface receptors we used iodinated 9F10 antibody 

and also com pared it to the PKC induced decrease of alp2 'y2L  wild type 9F10 tagged 

receptors. In these experim ents all subunits were 9F10 epitope tagged to achieve 

statistically significant results (Connolly et al., 1999b). A293 cells expressing a ip 2 y 2 L  

(Fig. IOC) or a lp 2 y 2 L -G F P N  (Fig. lOD) were incubated in the presence or absence of 

200 ng/ml PMA, for 1 h at 37 °C. Following incubation, the levels of cell surface receptor 

were determined by binding of iodinated 9F10 antibody to the cells at 4 °C. Since this 

procedure is carried out following incubation no antibody-induced internalisation due to
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Figure 9: Internalisation of GABA^ receptors containing ylL-GFPN.
A293 cells transfected with a lp 2 y 2 L  -GFPN were prebound with anti-9E10 
antibody for 1 h on ice. Excess antibody was removed and cells were fixed at time 
0 or incubated for 60 min at 37 ^C. Surface receptors were detected in the absence 
of detergent using Texas Red-conjugated secondary antibody (arrows- A, D). 
Internalised receptors were subsequently detected after permeabilisation using 
Cy5-conjugated secondary antibody (arrow heads- B, E). All receptors could 
be visualised by green fluorescence (arrows- C, F). Scale bar= 10pm.
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Figure 10: Down modulation of GABA^ receptors containing yZL-GFPN 
upon protein kinase C activation.
Live cells were viewed before (A) or after activation of PKC with 200ng/ml 
PMA followed by incubation at 37 oC for 1 h (B). The scale bar = 10 pM. 
Surface receptor levels were quantified for A293 cells expressing a l p2y2L(C)  
or (xl(32y2L -GFPN (D) using iodinated 9E10 antibody before or after activation 
of PKC with PMA, n=3, * = significantly different from control, as determined 
using the students t-test (p<0.05).
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receptor cross-linking can occur.

It has been previously reported that in the absence of phorbol ester treatm ent, 72L cell 

surface receptor levels remain constant (Connolly et al., 1999b). Sim ilar levels of cell 

surface receptors could also be detected in untreated cells expressing y2L and y2L-GFPN 

(Fig. 10 C column 1 ,D column 1). In contrast, a consistent reduction in I25I-9E I0  binding 

was observed in cells treated for 1 h with PMA for cells expressing y2L (Fig. lOA column

2) and y2L-G FPN  containing receptors (Fig. lOB column 2). These results suggest that 

receptors containing y2L-G FPN  internalise from the cell surface in a similar fashion to 

wild type receptors upon activation of PKC.

3.7 Cell surface expression and synaptic targeting of ylL-GFPN in hippocampal 

neurones is dependent on exogenous a  and |3 subunits.

We also exam ined the expression and m em brane targeting of y2L-G FPN  in cultured 

hippocam pal neurones by nuclear m icro-injection o f recom binant subunit cDNAs 

followed by confocal microscopy (Couve et al., 1998). M icro-injection into hippocampal 

neurones of y2L-G FPN  alone resulted in a diffuse reticular pattern of staining reminiscent 

of the ER. No obvious membrane localisation or clustering of receptor could be detected 

(Fig. 1 IB). In contrast, micro-injection of a ip 2 y 2 L -G F P N  into hippocampal neurones 

resulted in distinct m em brane targeting o f GFP GABA^ receptor fluorescence, as 

indicated in the “tram track” staining pattern of neuronal processes (arrow in Fig. 11 A). 

Furthermore, large clusters of fluorescence could be seen along dendrites and endosomal 

like aggregates were visible in the cell som a (Fig. 11 A). This w ould suggest that 

membrane targeting of exogenous y2L-GFPN in hippocampal neurones can only occur 

upon co-expression and co-assembly with exogenous a  and p subunits. To test this 

directly neurones were microinjected with the y2L-GFPN together with either the a l  or 

P2 cDNAs. Cell surface expression was then monitored by fluorescence for y2L-GFPN. In
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contrast to expression of ')2L-GFPN with a l  and |32 cDNAs expression of '^L-GFPN  

with either the (32 or a  1 cDNAs failed to produce cell surface expression of "^L-GFPN 

(Table 1). Finally, to determ ine if the clusters of fluorescence in triple transfected 

neurones could be found at synaptic sites hippocam pal neurones m icro-injected with 

al(32y2L-G FPN , were labelled with an antibody to glutam ic acid decarboxylase, a 

classical marker of GABAergic synapses (Craig et al., 1994) (Fig. 11). Clusters of the 

dendritic fluorescence of al(32'y2L-GFPN (Fig. 11C) could be seen to colocalise with 

staining of inhibitory synaptic sites marked by the GAD antibody (Fig. 1 ID ), confirming 

that recombinant GFP tagged GABA^ receptors could be targeted to inhibitory synaptic 

sites in cultured hippocampal neurones.

3.8 Production of a y2L-GFPN transgenic mouse

It would be a distinct advantage to have a preperation which would allow the 

incorporation of the y2L-G FPN  construct into endogenous receptor clusters throughout 

neuronal developm ent and synaptogenesis w hile avoiding com plicated  neuronal 

transfection procedures. To achieve this, transgenic mouse lines were produced (by Dr 

Bill W isden, M RC LM B, Cambridge) by random integration of a targeting construct 

containing y2L-GFPN under the control of the neural specific promoter Thy 1 (Fig. 12D). 

Two transgenic mouse strains (Fig 12A,B) were obtained for the y2L-G FPN  construct as 

determined by in situ hybridisation for GFP, whereas no signal was detected in the wild 

type control (Fig. 12C). It is hoped that under such expression conditions, where the 

y2L-GFPN construct is constitutively expressed under the control of a neuronal promoter, 

oligomerisation of this construct with endogenous receptors will occur. Unfortunately, 

there was insufficient time to further characterise these two mice strains.
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Figure 11: Visualisation of /2L-GFPN in cultured hippocampal neurones.
Hippocampal neurones were microinjected with alp2y2L-G FPN  (A) or 
Y2L-GFPN (B) alone and viewed by confocal microscopy. High magnification 
images of a dendrite from each cell are shown in the lower panels of A and B. 
Co-localisation of clusters of aip2y2L-GFPN  fluorescence (C) in a microinjected 
neurone immunolabelled with a rabbit anti-GAD antibody and Texas-Red 
conjugated anti-rabbit secondary (D). Arrows show clusters of green fluorescence 
(C) localised to inhibitory synapses marked by GAD immunoreactivity (D).
The scale bar = 20 pM.



Subunit combination Cell surface expression

y2LGFPN —

Y2LGFPN+ a l —

72LGFPN+P2 —

72L G F P N + al+ P 2 +++

Tablel: Expression of 72L-GFPN in hippocampal neurones.
Cultured hippocampal neurones were m icroinjected with GABA^ receptor expression 
constructs. 24 h after microinjection expression of the 72LGFPN construct was examined 

via fluorescence and confocal microscopy. Cell surface staining was defined as visible 
“tram track” fluorescence along neuronal processes. At least 8 expressing cells were 
examined for each subunit combination.
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Figure 12: Targeting of y2L-GFPN in mice.
Expression of the transgene for y2L-GFPN was detected in 
two mouse lines (400-GFPy2 and 409-GFPy2) by in situ hybridization 
using an antisense probe to GFP (A, B). No signal for the GFP 
probe could be detected in a wild type control (C). Random 
integration of the targteting construct produced two lines with different 
y2L-GFPN expression patterns. In the 400-GFPy2 line high levels of 
GFP expression can be detected in cortex (Ctx), C A l, CA3 and dentate 
gyrus (DG) of the hippocampal formation as well as medium to low levels 
in the caudate pu tame n (CPu) and thalamus (T), dorsal cochlear nucleus 
(DCN) and cerebellar granule layer (Gr). In contrast in line 409-GFPy2 no 
GFP expression can be detected in the dentate, caudate putamen and DCN 
and expression levels are lower in cortex. Interestingly, line 409-GFPy2 has 
higher GFP expression levels in the granule cell layer and olfactory bulb (OB). 
The y2L-GFPN targeting construct is shown below the in situ hybridization 
panels.
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3.9 Discussion

The extensive subunit heterogeneity of GABA^ receptors com bined with the 

complex receptor subunit expression profile of many neurone types provides the potential 

for considerable structural diversity (M acDonald and Olsen, 1994; Rabow et al., 1995). 

The consensus of opinion derived from a range of experimental approaches is that the 

majority of benzodiazepine sensitive GABA^ receptor subtypes in the CNS are composed 

of a , p and y subunits (Macdonald and Olsen 1994; Rabow et al., 1995).

It is clear therefore, that understanding the mechanisms involved in the assembly, 

membrane targeting, surface stability and endocytosis of these receptors is an essential 

goal. Gene knockout studies have highlighted the im portance of the y  ̂ subunit for the 

function and targeting of GABA^^ receptors. Production of G ABA -gated channels is 

achieved upon expression of receptor a  and P subunits however, the co-expression of a 

y subunit isoform is necessary to confer benzodiazepine sensitivity to these channels 

(Gunther et al., 1995). Furthermore, the y2 subunit is necessary for postsynaptic, gephyrin 

dependent, clustering of major GABA^ subtypes (Essrich et al., 1998), for the interaction 

with the cytoskeletal linker molecule GAB ARAB (W ang et al., 1999) and is important in 

regulating receptor internalisation (Connolly et al., 1999b). In order to study the role of 

the y2 subunit in receptor function in live cells using a non-invasive approach, GABA^ 

receptor y2L subunit green fluorescent fusion proteins were constructed. This approach 

has proved useful for the study of other neurotransm itter receptors including glycine 

receptors (David-W atine et al., 1999), ionotropic AM PA type glutamate receptors (Shi et 

al., 1999) and metabotropic glutamate receptors (Doherty et al., 1999).

Insertion of GFP at the amino or carboxyl term inus of the y2L subunit produced GFP 

fusion proteins that exhibited green fluorescence. Cell surface expression of these GFP 

fusion proteins was dependent on co-expression with a l  and p2 subunits as previously 

described for the wild type y2L subunit (Connolly et al., 1996a). Homomeric expression
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of the t2L GFPN fusion resulted in ER retention as previously dem onstrated for the wild 

type y2L subunit. The binary combinations al/'y2L-G FFN  and |32/'y2L-GFPN were also 

unable to access the cell surface in common with both wild type a l /y lL  and (32/'y2L 

subunit combinations (Connolly et ah, 1996a). Confirmation of fluorescence experiments 

was obtained from electrophysiological studies. Co-expression of a  and (3 subunits with 

either y2L-C FPN  or y2L-C FPC  produced functional, CA BA -gated channels with EC 

values for both CAB A and diazepam similar to wild-type receptors. The insertion of CFP 

at the carboxyl term inus how ever, appeared to increase the zinc sensitivity of the 

receptors. This is consistent with a substantial population of a l /p 2  receptors in cells 

expressing the a l ,  p2 and y2L-CFPC cDNAs (Draguhn et ah, 1990; Smart et ah, 1992) 

This would suggest lower expression levels of this fusion protein or a reduced ability to 

oligomerise with a  and P subunits. In agreement with this, SDS-PA CE of cell lysates 

expressing this chimera followed by western blot analysis revealed that a proportion of 

the carboxyl term inus CFP is proteolysed. Furtherm ore, it was more difficult to detect 

expression of this fusion protein by w estern blot of lysates using antibodies to y2L 

suggesting that it may be more labile. This may also explain the greater difficulty to 

immunolabel surface receptors containing this chimera. The greater instability y2L-CFPC 

may be due to the short carboxyl terminus of the y2L subunit which would place the large 

CFP domain very close to the m em brane which may cause subunit m isfolding or a 

reduced ability to oligomerise with other subunits. In contrast expression of y2L-CFPN 

produced a stable fusion protein with properties essentially identical to wild type subunits. 

Interestingly, the expression of the CABA^ receptor a l  subunit fused to CFP at it’s 

carboxyl term inus has been reported how ever w hether this construct is expressed at 

similar levels to the wild type subunit has not been analysed in detail (Connor et al., 1998; 

Chapell et al., 1998; Bueno et al., 1998).
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Since insertion of GFP at the amino terminus produced a subunit with properties 

closer to that of the wild type it was used for further studies. Furtherm ore, this fusion 

protein also had the added advantage of a myc (9E10) extracellular epitope tag. This 

enabled the study of GFP tagged receptor endocytosis. Using antibody feeding combined 

with triple fluorescence enabled the visualisation of cell surface and internalised receptors 

as well as receptors in the biosynthetic pathway. This confirm ed previous reports that 

GABA^ receptors expressed in A293 cells can constitutively endocytose (Connolly et al., 

1999b). Im portantly, the ability to co-localise internalised myc (9E10) with GABA^ 

receptor green fluorescence confirm s that previous antibody feeding studies which 

reported constitutive endocytosis o f receptors (Connolly et al., 1999a,b) were not 

visualising the trafficking of antibody per se uncoupled from receptor.

In agreement with previous studies, it was also possible to dem onstrate that the 

cell surface stability of a l|3 2 y 2 L -G F P N  receptors could be m odulated in live cells. 

A ctivation of PKC resulted in a decrease in cell surface fluorescence for receptors 

composed of a  1 P2t2L-GFP-N subunits. These findings were confirmed biochemicaly by 

using iodinated 9E10 antibody to precisely quantitate cell surface receptor levels in the 

presence and absence of PKC activation. This effect was found to be similar in magnitude 

to receptors containing wild type y2L subunits (Connolly et al., 1999b). The results 

presented here provide evidence that the cell surface stability and endocytic properties of 

the y2L-GFPN appear to be identical to the wild type y2L subunit.

Using y2L-G FPN  we also exam ined the assembly and m em brane targeting of 

GABA^ receptors in cultured hippocam pal neurones using nuclear m icroinjection. 

Expression of y2L-G FPN  alone in these neurones resulted in a diffuse reticular pattern of 

staining with no plasm a membrane fluorescence being detected. Interestingly, injection of 

neurones with the binary com binations a l/y 2 L -G F P N  and p2/y2L-G FPN  also did not 

produce plasm a m em brane staining of y2L -G FPN . Only when y2L-G FPN  was co
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expressed with both exogenous a l  and p2 subunits was cell surface fluorescence 

observed. Furthermore yZL-GFPN in the presence of the a l  and P2 cDNAs was targeted 

to GABAergic synapses as demonstrated by co-localisation with GAD immunoreactivity. 

Presum ably, the failure of y2L-G FPN  to reach the plasm a m em brane on homom eric 

expression in hippocam pal neurones is attributable to low levels of expression of 

endogenous a  and P subunits available for oligom erisation with y2L-G FPN  in the ER. 

Interestingly, recom binant a l  or p2 receptor subunits expressed in superior cervical 

ganglion neurones are also unable to access the cell surface on hom om eric expression 

(Gorrie et al., 1997). Therefore, these results strongly suggest that sim ilar mechanism 

control the cell surface expression of the y2L subunit in both heterologous systems and 

neurones.

In conclusion the addition of GFP to the N-terminus of the GABA^ receptor yZL 

subunit is functionally silent and the work presented here demonstrates that this approach 

can be used to study receptor assembly and m em brane targeting within living cells. 

Furthermore, the production of a 72L-G FPN  GABA^ receptor subunit transgenic mouse 

lines should greatly facilitate the use o f this construct to study GABA^ receptor 

trafficking. Particularly, it will be possible to culture hippocampal neurones from these 

mice which can then be used to study multiple aspects of receptor targeting, anchoring 

and clustering in live cells. The availability of this line may also facilitate studies on the 

trafficking of the receptor in vivo using techniques such as tw o-photon m icroscopy 

(Lendvai et al., 2000). Furthermore, the presence of the extracellular myc (9B10) tag on 

this construct will facilitate biochemistry and endocytosis assays. Therefore, the GABA^^ 

receptor subunit GFP fusion protein will be a powerful tool to analyse the membrane 

t r a f f i c k i n g  o f  t h e s e  r e c e p t o r s  i n  t h e  b r a i n .
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CHAPTER 4

4.1 Introduction

Given the central role that G A B r e c e p t o r s  play as m ediators of synaptic 

inhibition, it is im portant to understand how receptor num ber at the cell surface is 

regulated. Insulin treatment of neurones in culture (W an et al., 1997) and the kindling 

model of epileptogenesis (Nusser et al., 1998a) have both been shown to increase GABA^ 

receptor surface number. In contrast, GABA^ receptors have also been found to be down 

regulated by an agonist-dependent m echanism  (Barnes, 1996; Tehrani and Barnes, 

1997b). As was described in chapter 3, it has also been shown that recom binant GABA^ 

receptors can constitutively recycle betw een the cell surface and an in tracellu lar 

endosomal com partment (Connolly et al., 1999a, 1999b). Furthermore, studies using the 

y2L subunit GFP fusion protein verified the initial observations made using antibody 

feeding experiments, and confirmed that internalised receptors are targeted to a separate 

intracellular pool than those being transported through the biosynthetic pathway (Kittler et 

al., 2000a). Neuronal GABA^ receptors have also been found to constitutively endocytose 

(C o n n o lly  et a l., 1999b). U sing  im m u n o flu o re sc e n c e , b io c h em ic a l and 

electrophysiological techniques it has also been shown, in both Xenopus Oocytes (Chapell 

et al., 1998) and A293 cells (Connolly et al., 1999b; Kittler et al., 2000a), that GABA^^ 

receptor levels are reduced upon protein kinase C (PKC) activation.

Little is known, however, regarding the molecular mechanisms responsible for the 

redistribution and cycling of GABA^ receptors between the cell surface and intracellular 

locations. D ynam in-dependent endocytosis has been shown to be im portant in the 

regulation of cell surface levels of a num ber of integral m em brane proteins (Schmid,

1997) including opioid receptors (Chu et al., 1997), the p-adrenergic receptor (Pitcher et 

al., 1998) and more recently ionotropic glutamate receptors (Luscher et al., 1999; Carrol
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et al., 1999; Man et al., 2000). Endocytosis of such membrane proteins involves their 

recruitm ent into clathrin-coated pits by adaptor proteins such as adaptin com plexes 

and/or |3-arrestin (Schmid, 1997). Each adaptor complex contains four polypeptides called 

adaptins, two of approximately 100 kDa, as well as a 50 kDa ]x chain and 25 kDa a  chain. 

Different adaptor complexes have different functions and are associated with different 

pools of clathrin coated vesicles (CCVs). The AP2 adaptor com plex is associated with 

clathrin-coated vesicles endocytosing from the cell surface. AP2 contains 100 kDa a  and 

p 2 subunits as well as |l i 2 and a2  chains and can interact with mem brane proteins that 

contain appropriate signals for sorting into CCVs (Schmid, 1997; M arsh ^ d  M cMahon,

1999). The target transmembrane protein/adaptor complex is then capable of interacting 

with other binding partners including clathrin, the GTPase dynam in and it’s binding 

partner am phyphysin (M arsh and M cM ahon, 1999) which are key elem ents of the 

endocytotic machinery. Amphiphysin is a cytoplasmic protein that can bind both the a  

chain of AP2 and dynam in (W igge et al., 1997b) and has been im plicated in the 

recruitment of dynamin to budding eoated pits. Dynamin contains a proline rich region 

which binds to an SH3 dom ain in am phiphysin. D isruption o f this interaction with 

peptides or recom binant amphiphysin SH3 domain blocks recruitm ent of dynam in to 

coated pits and clathrin mediated endocytosis (Wigge et al., 1997a; M arks and McMahon, 

1998).

Experiments were carried out to determ ine if adaptin m ediated recruitm ent into 

clathrin coated pits and dynamin dependent endocytosis were also im portant for GABA^ 

receptor internalisation. To further understand the role of GABA^ receptor endocytosis in 

neurones, experiments were also carried out to determine the consequences of blocking 

endocytosis on inhibitory synaptic transmission.
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4.2 GABA^ receptor internalisation in A293 cells is mediated by clathrin-coated pits

It has previously been shown that recom binant GABA^ receptors expressed in 

A293 cells can constitutively endocytose to a transferin receptor-containing compartment 

(Connolly et al., 1999a,b). The first thing was therefore to determine if the endocytosis of 

G A B r e c e p t o r s  was mediated by clathrin-coated pits. Internalisation of receptors was 

followed by labelling surface receptors with antibodies to an extracellular myc (9E10) 

epitope tag on the am ino term inus of receptor subunits. These experim ents were 

perform ed in the absence and presence of hypertonic (350 mM ) sucrose. H ypertonic 

conditions impair clathrin-mediated endocytosis by blocking clathrin-coated pit formation 

(Heuser et al., 1989). These conditions have been used to dem onstrate the clathrin- 

dependent endocytosis of a num ber transm em brane proteins, including AM PA type 

glutamate receptors (Carroll et al., 1999).

A293 cells transiently expressing were prebound with 50

|LLg/ml myc (9E10) antibody at 4 °C and following removal of excess antibody, cells were 

incubated at 37°C for 1 h . In the absence of high sucrose, GABA^ receptors internalised 

efficiently to an intracellular compartment as shown in F ig .l3B . However, treatment with 

350 mM sucrose strongly inhibited internalisation of these a lp 3 y 2 L  receptors (Fig. 13C). 

Receptor a p  subunits have also been shown to endocytose although to a more peripheral 

recycling com partm ent than a p y  constructs (Connolly et al., 1999a,b). Sim ilarly, y2S 

subunits have been shown to access the cell surface as non-functional homom ers and 

internalise constitutively (Connolly et al., 1999a). High sucrose strongly inhibited the 

endocytosis of both (9Eio)^^(9Eio)p  ̂ receptors (Fig. 13D-F) and ^^ '̂°^y2S hom om ers (Fig. 

13G-I ) expressed in A293 cells. Therefore these observations strongly suggests that 

GABA^ receptors composed of a lp 3 ,  a lp3y2S  or homomeric y2S subunits all internalise 

in A293 cells via a common mechanism.
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Figure 13 : Clathrin-mediated endocytosis of recombinant GABA^ receptors.
A293 cells expressing rxl p3y2L (A-C and J - L ) , a l p 3  (D-F) or y2L(G-l) GABAa  
receptor subunits (all subunits 9E10 tagged) were prebound with anti-9E10 
antibody (50 pg/ml). Excess antibody was removed and cells incubated at 37^C 
for 60 min. Surface receptors were detected in the absence of permeabilisation with 
FlTC-conjugated secondary antibody followed by permeabilisation and detection 
of internalised primary antibody with Texas Red-conjugated secondary antibody. 
Significant internalisation could be detected for all subunit combinations (B,E,H,K) 
after 60 min compared to 0 min (A,D,G,J). This internalization was blocked by 
treatment with 350 mM sucrose to block clathrin-mediated endocytosis (C,F,I,L). 
Internalisation in the presence of PKC activation by PDBu (K,L) was also blocked 
by 350 mM sucrose (L). Scale bar, 10 uM.
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As described in Chapter 3, GABA^ receptor surface levels are reduced upon PKC 

activation (Connolly et al., 1999b). PKC was found to act by blocking receptor recycling 

to the cell surface (Connolly et al., 1999b). Therefore, the down modulation of receptor 

num ber upon PKC activation is still dependent on the rem oval of receptors by 

endocytosis. The endocytosis of GABA,^ receptors under conditions of PKC activation 

was therefore also investigated. For these experiments, only GABA^ receptors com posed 

of a l  p3y2L subunits were analysed since it has been shown previously that PKC- 

mediated down modulation of surface receptor number was dependent on the presence of 

the y2 subunit. Internalisation of a lp 3 y 2 L  receptors upon PKC activation with 100 nM 

PDBu was followed in the presence or absence of 350 mM sucrose (Fig. 13J-L). Similarly 

to constitu tive endocytosis, internalisation of receptors under conditions o f PKC 

activation (Fig 13K) was inhibited by blocking clathrin mediated endocytosis (Fig. 13L).

4.3 GABA^ receptor internalisation in cultured hippocampal neurones is mediated 

by clathrin-coated pits.

It has previously been shown that constitutive endocytosis of GABA^^ receptors occurs in 

cultured hippocampal neurones (Connolly et al., 1999b). The involvem ent of clathrin- 

coated pits in neuronal GABA^ receptor endocytosis was follow ed using a sim ilar 

antibody feeding approach. In the presence or absence of hypertonic conditions GABA^ 

receptors on the surface of cultured hippocam pal neurones (2 weeks in vitro) were 

labelled with an antibody that recognises the extracellular amino terminus of the p2 and 

P3 subunits. A fter incubation, the cells were fixed and surface receptors were detected 

using a FITC-conjugated secondary antibody followed by permeabilisation and detection 

of internalised receptors with a Texas Red-conjugated-secondary antibody. Follow ing 

antibody feeding, internalised receptors were visualised as the red staining in the cell 

soma and along dendrites whereas surface receptors were stained green and yellow (Fig.
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Figure 14: Clathrin-mediated endocytosis of GABA^ receptors in cultured 
hippocampal neurons.
Neurones were labeled with anti-GABA/^ receptor |32/p3 subunit antibody 
incubated for 30 min at 37 ^C. Surface receptors were detected in the absence 
of permeabilisation with FITC-conjugated secondary antibody followed by 
permeabilisation and detection of internalised antibody with Texas Red-conjugated 
secondary antibody. Internalised antibody could be detected after 30 min (A).This 
internalisation was blocked by treatment with 350 mM sucrose to block 
clathrin-mediated endocytosis (B). Scale bar, 10 pM.
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14A). The treatm ent of hippocam pal neurones with 350 mM  sucrose significantly 

inhibited this internalisation of receptors, which could be seen by the large reduction in 

red staining in the cell soma and along dendrites (F ig l4B ), strongly suggesting that 

GABA^ receptor internalisation in neurones occurs via clathrin-dependent endocytosis.

4.4 The clathrin adaptor protein AP-2 specifically interacts with GABA^ receptor p 

and y subunit intracellular domains

Adaptor complexes have been im plicated in the selective recruitm ent of integral 

membrane proteins into clathrin-coated pits (Schmid, 1997). The results presented above 

provide evidence that GABA^ receptors are internalised via clathrin coated pits in both 

cell lines and neurones. It therefore seemed possible that recruitm ent of receptors into 

clathrin-coated pits could occur via an interaction between the intracellular domains of 

receptor subunits with the endocytic adaptor complex AP2. To examine the interaction of 

clathrin adaptor proteins with GABA^ receptor subunits the major intracellular domains 

of the a ,  p and y2 subunits were expressed as soluble glutathione-S-transferase (GST) 

fusion proteins (Brandon et al., 1999). Purified a l ,  p3 and y2S GST-fusion proteins 

im m obilised on glutathione agarose beads were incubated with detergent solubilized 

A293 cell extracts. Using this assay, GST-p3 and GST-y2S were found to interact with 

a-adaptin (Fig. 15A). In contrast G S T -al or GST alone were not found to associate with 

a -ad a p tin . To further verify that GABA^^ receptor p 3 an d  yS subunit intracellular 

domains interact with the intact adaptin complex, material bound to the respective fusion 

proteins was also probed with an antisera that recognises the P-adaptin subunit of AP2. P- 

adaptin was found to bind to GST-p3 and GST-y2S but not G S T -a l or GST alone (Fig. 

15B). The same procedure was used to determ ine if GABA^ receptors interact with 

adaptins in brain extracts. GST-fusion proteins of the intracellular domains of GABA^ 

receptor a l ,  p i ,  p3, y2S and y2L subunits were exposed to detergent solubilised brain
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Figure 15. The intracellular domains of |33 and y2 GABA^ receptor subunits 
bind the adaptin a  and P subunits of AP2.
al-G ST , p3-GST, y2-GST and GST were incubated with A293 cells extracts.
After extensive washing bound material was resolved by SDS-PAGE and analyzed 
by immunoblotting with an anti-cx (A) or anti-p adaptin antibody 
(B). Binding of a -  and P- adaptin to both p3-GST and y2-GST but 
not a l-G S T  or GST was detected.
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extracts and associated proteins were resolved by SDS-PAGE and probed with antibodies 

specific for the a -  or f-ad ap tin  subunits. G ST -pl, GST-p3, GST-yZS and GST-y2L were 

found to interact with a -  adaptin from brain extracts (Fig. 16A). In contrast G S T -a l or 

GST alone were not found to associate with a -  adaptin (Fig. 16A). G S T -p l, GST-PS, 

GST-yZS and GST-yZL were also found to bind to p-adaptin from brain extracts whereas 

no binding of G S T -a l and GST alone to P-adaptin could be detected (F ig .l6B).

The results described above using affinity ‘pull dow n’ assays strongly suggest that 

GAB A A receptors interact with adaptin complexes in both cell lines and brain. It was 

necessary, however to further verify the interaction in vivo. The interaction of adaptin 

com plexes w ith neuronal GABA^ receptors was the re fo re  fu rth er tested  via 

immunoprécipitation. Detergent solubilized brain extracts were im m unoprecipitated with 

an antibody that recognises the P-adaptin subunit of the AP2 com plex or control non- 

immune antisera. Precipitated material was then probed using an antibody that recognises 

the GAB A^ receptor p2 and p3 subunits. These subunits are components of most neuronal 

GABA^ receptor subtypes (Benke et al., 1994; W isden et al., 1992). GABA^ receptors 

clearly co-im munoprecipitated with anti p-adaptin antisera but not with control IgG (Fig. 

17). These results suggest that GABA^ receptors can associate with adaptin complexes in 

brain and that this may be a mechanism to allow the recruitm ent of receptors to clathrin- 

coated pits.

4.5 GABAa receptors co-fractionate with the clathrin adaptor protein AP-2 in 

purified clathrin-coated vesicles.

To provide further evidence that GABA^ receptors are internalised via clathrin- 

m ediated endocytosis, the co-fractionation of GABA^ receptor subunits w ith adaptin 

com plexes in clathrin-coated vesicles (CCVs) was investigated (purified bovine CCVs 

were prepared by Dr Jasmina Jovanovic while in the laboratory of Dr Paul Greengard,
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Figurel6: The intracellular domains of (33, y2S and y2L GABAy^ receptor 
subunits bind the adaptin a and (3 subunits of AP2.
a  1 -GST, (31 -GST, (33-GST, y2S-GST. y2L-GST and GST were exposed to brain 
extracts. After extensive washing bound material was resolved by SDS-PAGE 
and analysed by immunoblotting with an anti-a (A) or anti-|3 adaptin 
antibody (B). Binding of a -  and (3- adaptin to (31-GST, [33-GST, y2S-GST 
and y2L-GST but not a l-G S T  or GST was detected.
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Rockfeller). Therefore the distribution of a-adaptin , (3-adaptin and the G A B r e c e p t o r  

p3 subunit was examined by fractionation followed by SDS-PAGE and immunoblotting. 

A progressive enrichment of both of a -  and p-adaptin from homogenate through to final 

CCV fraction was observed (Fig. 18 B,C). Importantly, a significant amount of GABA^ 

receptor p3 subunit could be detected in the CCV fraction (Fig. ISA). This is in 

agreement with results reported by Tehrani and Barnes (1997a,b) for the presence of the 

a l  subunit in the CCV fraction.

4.6 GABA^ receptors in cultured hippocampal neurones co-localise with AP-2 in 

clathrin coated pits.

To provide further evidence for the in vivo association of GABA^ receptors with 

adaptin com plexes the co-distribution of these two proteins in cultured hippocam pal 

neurones was analysed  using im m unofluorescence and confoca l m icroscopy. 

H ippocam pal neurones that had been m aintained in culture for 3 weeks were double 

labelled with a rabbit antibody to GABA^ receptor p i and P3 subunits (M cDonald et al.,

1998) and a monoclonal p-adaptin antibody, and visualised with FITC-conjugated anti

rabbit and Texas Red-conjugated anti mouse secondary antibodies, respectively. The anti 

p-adaptin  antibody revealed cell surface clusters of fluorescence on the som a and 

dendrites that represent AP2 in clathrin coated pits on the plasm a membrane (Fig. 19A). 

GABA^ receptors exhibited a clustered distribution of receptor expression on the cell 

soma and dendrites (F ig .l9B ). Importantly, co-localisation of some GABA^ receptor 

clusters with AP2 com plexes, seen as yellow staining in the m erged panel, could be 

detected on the plasma membrane (Fig. 19C).
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Figure 17: GABA^ receptors immunoprecipitate with AP2 from brain.
Detergent-solubilized brain extracts were immunoprecipitated with anti 
P-adaptin or control IgG. Bound material was resolved by SDS-PAGE 
and analysed by immunoblotting with an anti-GABAA p2/p3 subunit 
antibody.
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Figure 18: Co-fractionation of GABAa  receptor (33 subunit with a - and 
p-adaptin throughout the clathrin-coated vesicles purification.
Equal amounts of protein fractions ( 100 pg) were resolved by SDS-PAGE 
and analysed by immunoblotting with an anti-GABAA receptor (33 subunit 
antibody (A), anti-a (B) or anti-(3 adaptin (C) antibody.

107



■ m

Figure 19: GABA^  ̂receptors co-localise with AP2 in clathrin-coated pits 
in cultured hippocampal neurones.
Cultured hippocampal neurones (3 weeks old) were permeabilised and probed 
with a mouse anti P-adaptin monoclonal antibody (A) and rabbit anti-GABAy\ 
receptor pl /p3 subunit polyclonal antibody (B). Antibodies were visualised with 
anti-rabbit FITC-conjugated and anti-mouse Texas Red-conjugated secondai^ 
antibodies. An enlargement of a dendrite is shown in each panel. GABAy\ receptor 
which co-localise with AP2 can be seen as yellow clusters in the merged image in C 
(see arrow heads). Scale bar, 10 pM.

108



4.7 Blocking dynamin-dependent endocytosis results in an increase in the amplitude 

of mIPSCs

The biochemical and morphological results presented above strongly suggest that 

GAB A A receptors in A293 cells and neurones are undergoing constitutive endocytosis 

facilitated by an association with AP2. It was of interest to investigate the functional 

significance of this internalisation. To do this the effects of com pounds that block 

clathrin-dependent endocytosis on GABA^ receptor-m ediated  m iniature inhibitory 

postsynaptic currents (mIPSCs) was exam ined (this work was carried out by Dr Patrick 

Delmas, W ellcom e Laboratory of M olecular Neuropharmacology, UCL). mIPSCs were 

recorded at -70m V  in the presence of TTX (0.5 pM ), APV (50 pM ) and CNQX (20 pM). 

To selectively block endocytosis a 10 amino acid peptide -P4 (QVPSRPNRAP) was used 

that is known to interfere with the binding of am phyphysin with dynam in and block 

endocytosis (M arks and M cM ahon, 1998; W igge and M cM ahon, 1998). The interaction 

between dynam in and amphyphysin is essential for endocytosis (W igge et al., 1997a, 

M arsh and M cM ahon, 1999). About 10 min after the establishm ent of the whole-cell 

recording mode, the size of the GABA^ mIPSC began to increase and reached a plateau at 

1.7-2.3-fold of its control value within 40-50 min (Fig. 20 & 21). In addition to its effect 

on mIPSC amplitude the P4 peptide also increased mIPSC frequency (Fig. 20). Although 

this could possibly result from a higher rate of quantal release (Thompson et al., 1993; 

Cohen et al., 1992) it could also be fully accounted for by the recruitm ent of mIPSCs 

previously below the threshold of detection, owing to an increased num ber of active 

receptors (Liao et al., 1995; Wan et al., 1997; Man et al., 2000). As a control, experiments 

w ere perfo rm ed  in w hich neurones w ere loaded  w ith a con tro l pep tide  -S P  

(PRAPN SRQPV ), which had no significant effect on GABA^ mIPSC am plitude or 

frequency (Fig 21). B locking endocytosis in a hippocam pal slice p reperation  by 

intracellular patch perfusion of a GST fusion protein of the amphiphysin SH3 domain
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Figure 20: Blocking endocytosis increases the amplitude of GABA^^-mediated 
mIPSCs in hippocampal neurones.
(A), Consecutive traces of mIPSCs selected 3 min (left panel) and 27 min (right panel) 
after achieving whole-cell recording with pipette solution containing the endocytosis 
blocking P4 peptide (50 uM). (B), Histograms showing amplitude distributions of a 
4 min recording of mlPSCs starting at the time indicated in (A).

110



2501

X = 24 ms

200 -  

Q.
E
CO
-o 150-
I
CO
i  1 0 0 -

X = 22 ms

O
Z

50-

40 50 6010 300 20
Tim e (min)

Figure 21: Time course of the effects of P4 endocytosis block on 
GABA^-inediated mIPSCs.
Normalised mIPSC amplitude plotted against time after break-in with an internal 
solution containing either 50 pM P4 ( •  ) or 50 uM SP control (O). The amplitude 
of the mIPSCs was calculated by averaging individual mIPSCs every I min 
recording. Each point represents the mean ± s.e.m. of 4-5 cells. The time on the 
X axis represents the time following patch breakthrough. Inset: single exponential 
decay of mIPSCs selected 3 min (a) and 40 min (b) after break-in with the 
P4 peptide. No change in kinetics was detected during the enhancement of 
mIPSCs by the P4 peptide.
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produces a sim ilar increase in G ABA m IPSC am plitude (Dr Philippe Thom as and 

Professor Trevor Smart -personal com munication). The am phiphysin SH3 domain has 

previously been shown to block endocytosis by disrupting the interaction between 

dynamin and amphiphysin (W igge et al., 1997a; W igge and M cM ahon, 1998). Therefore, 

these fusion protein studies are in agreem ent with the results obtained using the P4 

peptide. The results obtained using either the P4 peptide or am phiphysin SH3 domain 

suggest an increased num ber of active post-synaptic GABA^ receptors follow ing 

blockade of endocytosis, which is consistent with the cycling of GABA^ receptors 

between synaptic and intracellular sites.
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4.8 Discussion

The work presented here supports the hypothesis that GABA^ receptors are 

removed from  the postsynaptic plasm a m embrane by clathrin-m ediated endocytosis. 

Internalisation of recombinant GABA^ receptors expressed in A293 cells was blocked by 

hypertonic sucrose which blocks clathrin-m ediated endocytosis (H euser et al., 1999; 

Carroll et al., 1999). Furthermore the PKC-induced down regulation of GABA^ receptors 

(Chapel et al., 1998; Connolly et al., 1999b) was also blocked by the high sucrose 

protocol suggesting that the kinase induced reduction in receptor num ber is also 

dependent on the same mechanism of internalisation. This is consistent with previous 

observations in A293 cells made using electron microscopy showing the localisation of 

the t2S subunit to coated pits at steady state in this system (Connolly et al., 1999a). 

Endocytosis of neuronal GABA^ receptors in cultured hippocampal neurones was also 

inhibited by blocking clathrin-mediated endocytosis.

To further elucidate the mechanism by which GABA^ receptors are selectively 

recruited to clathrin-coated pits, investigations were carried out to determ ine if these 

receptors could associate with proteins implicated in the recruitment of integral membrane 

proteins to clathrin-coated pits. GABA^ receptors w ere found to associate, via their 

intracellular loops, with the adaptin complex AP2, expressed in both cell lines and brain. 

Interestingly, association of adaptin com plexes was found to occur only with the 

intracellular loops of the GABA^ receptor p and y subunits but not with a  subunits. This 

is an intriguing result but may be explained by the fact that a  subunits are incapable of 

accessing the cell surface as monomers in both cell lines and neurones (Connolly et al., 

1996; Gorrie et al., 1997). They should therefore only be present at the cell surface as 

heteromeric receptors eomplexed with p and y subunits. Presumably, this is sufficient to 

allow their internalisation via the association of GABA^ receptor P and y subunits with 

adaptin complexes. The previous report of detection of GABA,^ receptor a l  subunits in
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clathrin-coated vesicles (Tehrani and Barnes, 1997a,b) agrees with the suggestion that a  

subunits can access clathrin coated pits but this is likely to occur only in association with 

GABAa receptor p and y subunits. Furtherm ore, previous studies have shown that the 

trafficking itineraries of a p  versus a p y  containing subunits differ, with a p y  containing 

receptors able to access a deeper endosomal compartment (Connolly et al., 1999 a,b). This 

may explain why both p and y subunits are able to separately associate with adaptins. 

Importantly, it was also possible to show that GABA^ receptors co-fractionate with 

adaptin complexes in clathrin-coated vesicles. Furthermore, it was also possible to detect 

co-localisation of AP2 and GABA^ receptors at a num ber of sites on the plasm a 

membrane of cultured hippocampal neurones. As would be expected, only a subset of 

receptors were co-localised with adaptin complexes since the majority of receptors would 

be expected to be associated with the inhibitory postsynaptic scaffold.

To further investigate the role of endocytosis and recycling in regulating the 

number of synaptic GABA^ receptors the effects of loading neurones with reagents that 

block endocytosis were investigated. Cultured hippocampal neurones were loaded via the 

patch pipette with a peptide that blocks endocytosis by disrupting the interaction between 

dynamin and amphyphysin, an interaction that is essential for endocytosis (W igge et al., 

1997a; M arks and M cM ahon, 1998; Luscher et al., 1999). This resulted in a significant 

‘run up ’ in the amplitude of GABA^-mediated mIPSCs consistent with an accumulation 

of surface GABA^ receptors. These results confirm  that synaptic GABA^ receptors 

undergo constitutive endocytosis by a dynam in-dependent mechanism. This cycling of 

GABAa receptors may function to regulate the num ber of receptors in the inhibitory 

postsynaptic domain thereby allowing the neurone to regulate the efficacy of inhibitory 

synaptic transm ission. These results are also consistent with our observation that these 

receptors associate with the AP2 adaptin complex. AP2 complexes have been implicated 

in the recruitment of a growing number of plasm a membrane proteins into clathrin-coated
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pits to allow their internalisation (Schmid, 1997) including ionotropic glutamate receptors 

(Man et al., 2000). It is therefore likely that the association between GABA^ receptors and 

AP2 serves to recruit these receptors into coated pits to allow their rem oval via the 

endocytic pathway. Similarly to the internalisation of ionotropic glutam ate receptors, it 

remains to be discovered if internalisation of GABA^ receptors occurs by regulation of 

the interaction with adaptin complexes or if this internalisation occurs to all receptors ‘by 

default’ directly upon release from the postsynaptic scaffolds that link these receptors to 

the cytoskeleton. It is clear that clathrin-mediated endocytosis of GABA^ receptors could 

be an im portant means of regulating the levels of cell surface expression of these 

receptors and therefore of modulating their function. However it will be of importance to 

discover the signalling pathways neurones use to control GABA^ receptor endocytosis. 

Downregulation of GABA^ receptor function has been previously observed by prolonged 

treatment with GAB A, barbiturates, benzodiazepines and neurosteroids (Barnes, 1996) 

and has recently also been shown to be essential for the E-S coupling com ponent of long 

term potentiation (LTP) (Lu et al., 2000). C lathrin-m ediated endocytosis of GABA^ 

receptors, dependent on their recruitm ent to clathrin-coated pits via association with 

adaptin com plexes is therefore likely to be an im portant m echanism  for regulating the 

strength of inhibitory synaptic transmission and synaptic plasticity.
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CHAPTER 5

5.1 Introduction

GABA^ receptors are predominantly found clustered at inhibitory GABAergic synapses 

(Craig et al., 1994). Two microtubule binding proteins, gephyrin and GAB ARAB, are 

believed to be im portant for clustering and anchoring GABA^ receptors by facilitating 

binding to the cytoskeleton (Essrich et al., 1998; Kneussel et al., 1999; W ang et al., 1999). 

Gephyrin co-localises with GABA^ receptor clusters in many brain regions (Craig et al., 

1996; Sassoe-Pogneto et al., 2000) and is a determinant for the synaptic localisation of 

GABAa receptors in neurones (Essrich et al., 1998; Kneussel et al., 1999). However, there 

is little evidence for a direct interaction between GABA^ receptors and gephyrin. 

GAB ARAB, a IVkDa polypeptide identified from  a yeast two hybrid screen using the 

intracellular domain of the GABA^ receptor yZ subunit, has been shown to associate with 

GABAa receptors in vivo and is also capable of binding microtubules (Wang et al., 1999; 

Wang and Olsen, 2000). It has also been suggested that GAB ARAB may serve as a linker 

between GABAa receptors and gephyrin (Bassafaro and Sheng, 1999; Kneussel and Betz,

2000). In agreement with this it has been recently reported that GAB ARAB and gephyrin 

interact weakly in vitro (Kneussel et al., 2000).

A 16 kDa polypeptide, G A TE-16, exhibits high amino acid sequence homology to 

GAB ARAB (Sagiv et al., 2000). G A TE-16 acts as a soluble transport factor to promote 

intra-Golgi transport (Legesse-M iller et al., 1998). G A T E -16 also interacts with NSF 

(Sagiv et al., 2000), a protein that plays an essential role in intracellular m em brane 

trafficking events (Rothman, 1994). NSE has recently been shown to be of importance in 

the membrane trafficking and cell surface targeting of ionotropic AMBA type glutamate 

receptors (Nishimune et al., 1998; Osten et al., 1998; Song et al., 1998; Noel et al.,1999; 

Luscher et al., 1999) and to play a role in (3-adrenergic receptor internalisation (M cDonald
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et al., 1999). These observations suggest that NSF may have a role in receptor trafficking 

events.

Using light and electron microscopy it was possible to show that in neurones 

GABA RA P im m unoreactivity (IR) is largely associated with intracellular m em brane 

structures including the Golgi apparatus and subsynaptic cistem ae, with only low levels 

being associated with synaptic GABA^ receptors. Furtherm ore, little overlap in the 

subcellular distribution of GABARAP and gephyrin was evident. However GABARAP 

was able to directly in teract with NSF. Together these observations suggest that 

GABARAP is not a major component of the inhibitory postsynaptic scaffold, but may 

play a role in intracellular receptor trafficking by recruiting NSF to GABA^ receptors 

cycling between intracellular compartments and the cell surface.

117



5.2 Distribution of GABARAP in cultured hippocampal neurones

Initially , the subcellu lar distribution of G A BA RA P was exam ined in cultured 

hippocampal neurones by immunofluorescence and confocal microscopy using an antisera to 

GABARAP (Wang et al., 1999). In order to determine in which com partments GABARAP was 

localised, double labelling experiments with an antibody to GABARAP and an antibody to 

MAP2 w ere carried out. M AP2 is localised to the som atodendritic region of hippocampal 

neurones in culture (Craig and Banker, 1994). The majority of GABA RAP (Fig. 22A) is in 

MAP2 positive cell soma and processes (Fig. 22B). GABARAP in the cell soma appears to be 

in intracellular compartments and in processes GABARAP has a clustered distribution along 

dendrites (Fig. 22A). A proportion of GABARAP can also be detected in a M AP2 negative 

axonal process (Fig. 22A- see arrows). These results suggest that GABARAP can be found in 

both somatodendritic and axonal compartments of neurones.

5.3 Localisation of GABARAP and gephyrin to GABA^ receptor clusters and 

synaptic sites

It was im portant to gain further inform ation on the rela tionship  between 

G A BA RAP and gephyrin in GABA^ receptor clustering. To achieve this the co

distribution of G ABARAP and gephyrin with the GABA^ receptor y2 subunit was 

exam ined in cultured hippocam pal neurones using double im m unofluorescence and 

confocal microscopy. In agreement with previous studies in m ature cultures (Essrich et 

al., 1998), a high num ber of GABA^ receptor clusters containing the y2 subunit co

localised with gephyrin (Fig. 23A-C). In contrast, only a low level of co-localisation 

could be detected between GABARAP clusters and the ^2 subunit (Fig. 23D-F). Previous 

studies have shown clusters of GABA^ receptors on cultured hippocam pal neurones 

correlate only partially with functional synapses (K annenberg et al., 1999). It was 

therefore important to determine if clusters of GABARAP and gephyrin were found at
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Figure 22: Distribution of GABARAP in hippocampal neurones.
Cultured hippocampal neurones (3 weeks old) were permeabilised and probed 
with a rabbit anti-GABARAP polyclonal antibody (A) and mouse anti-MAP2 
monoclonal antibody (B). The majority of GABARAP (A) is in MAP2 positive 
cell soma and processes (B). GABARAP can also be detected in a MAP2 negative 
axonal process (arrow heads in A). Scale bar 10 uM.
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synaptic sites. D ouble labelling experim ents were therefore carried out using anti- 

synaptophysin antisera to mark synapses in conjunction with either the MAB 7a anti- 

gephyrin or anti-GABARAP antibody (W ang et al., 1999). As reported previously (Craig 

et al., 1996; Essrich et al., 1998), gephyrin clusters were found predominantly at synaptic 

sites (Fig. 23G-I). In contrast, only a small am ount of GABARAP staining overlapped 

with synaptophysin (Fig. 23J-L). Finally, the distribution of G A BA RA P was also 

com pared to that o f gephyrin in order to determine if the distribution of these molecules 

had similar subcellular distributions, as would be expected if GABARAP was acting as a 

bridging molecule between the y2 subunit and gephyrin (Passafaro and Sheng, 1999; 

Kneussel et al., 2000). From  these experim ents it could be seen that only a small 

proportion of GABARAP clusters co-localised with gephyrin (Fig. 23M -0).

The degree of co-localisation of gephyrin and GABARAP clusters with that of the 

GABA^ receptor yZ subunit and synaptophysin (Fig. 24) was quantified (see methods). 

88.4±7.8 % (n=6 cells) o f 72 subunit containing GABA^ receptor clusters were positive 

for gephyrin whereas only 20.0±1.7 % (n=4 cells) of 72 subunit clusters co-localised with 

G ABARAP. Q uantification of the overlap betw een GABA RA P and gephyrin with 

synaptophysin revealed that 62.8±7.2 % (n=5 cells) of gephyrin clusters were detected at 

synapses whereas only 17.6±2.8 % (n=5 cells) of GABARAP clusters were synaptic. 

Finally, only 19.0±4.7 % (n=4 cells) of gephyrin puncta overlapped with GABARAP 

staining.

5.4 Ultrastructural localisation of GABARAP

The immunocytochemical studies described above suggested that the majority of 

GABARAP in neurones is localised to intracellular compartments. To gain m ore detailed 

information regarding the subcellular distribution of GABARAP immunoreactivity (IR),
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Figure 23: The co-distribution of GABARAP (E, K) and gephyrin (B, H) with the 
G A BA ^ receptor y2 subunit (A, D) and synaptophysin (G, J) was examined in 
3 week old cultured hippocampal neurons. An enlargement of the same dendrite 
is shown at the bottom of each panel. Gephyrin (B) could be detected at the majority 
of G A BA ^ receptor y2 subunit positive sites (A) as can be seen in the merged panel 
(C) whereas only low levels of GABARAP (E) co-localise with y2 (D) as seen in the 
merged panel (F). Many gephyrin clusters (H) are found at synaptophysin postive 
sites (G) as seen in the merged panel (I) whereas only low levels of GABARAP (K) 
are found at synaptophysin positive sites (J) as seen in the merged panel (L).
The co-distribution of gephyrin (M) with GABARAP (N) was also analysed.
There is only a low overlap between gephyrin (M) and GABARAP (N) as seen in 
the merged panel (O). Scale bar 10 pm.
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Figure 24: Only low levels of GABARAP are found at the inhibitory 
postsynaptic scaffold.
For each column, the number of co-localised clusters was determined for 
150-200 pm of dendrite for 4-5 cells as described in the methods. 
Co-localisation of gephyrin (column 1) and GABARAP (column 2) with the 
GABAy\ receptor y2 subunit. Co-localisation of gephyrin (column 3) and 
GABARAP (column 4) to synaptophysin positive synaptic sites. Co-localisation 
of gephyrin and GABARAP (column 5).

22



the distribution of GABARAP-IR in ventral horn of rat cervical spinal cord and in the 

hippocampus of adult rat was examined using electron microscopy (This work was carried 

out by Philippe Rostaing in the laboratory of Dr Antoine Triller, Ecole Normale, Paris). In 

the spinal cord, synaptic activity is controlled by glycine and GAB A mediated inhibition, 

while in the hippocampus it is mediated by GAB A only. In both cases the corresponding 

receptors are associated in the postsynaptic membrane with gephyrin (Triller et al. 1985; 

1987; Todd et al. 1996; V annier and Triller 1997; Sassoe-Pognetto et al. 2000). The 

patterns of GABARAP expression were identical in the hippocampus and in spinal cord. 

Consistent with the im munofluorescence experiments, the majority of GABARAP was 

detected in intracellular compartments with only low levels found at synaptic sites. With 

pre-em bedding im m unoperoxidase m ethods num erous G A BA RA P-IR  deposits w ere 

found in dendrites, axons or in somata. In dendrites, the G ABA RA P-IR  was either 

scattered in the cytoplasm (Fig 25A 1 and A3 -crossed arrows) or more rarely, associated 

with postsynaptic membranes (Fig 25A1-4 arrows). As a result o f the preem bedding 

method, the localisation of the electron dense deposit could result from a translocation and 

subsequent adsorption of the enzymatic reaction product. To exclude this possibility the 

d istribution of G ABA RA P was also exam ined using gold-toned silver-in tensified  

nanogold particles. The labelling observed with the im m unoperoxidase m ethod was 

confirm ed using the immunogold method (Fig. 25B, C). The gold particles were scattered 

in the dendroplasm  (Fig 4B) and could also be detected adjacent to postsynaptic 

m em branes (Fig. 25 C l ,2), the latter being close to synaptic boutons containing a 

pleiom orphic population of vesicles. Interestingly, with the im m unogold method it was 

evident that when GABARAP was detected in proxim ity to postsynaptic m em branes it 

was often associated with minute cistem ae (Fig 25B, C). Such subsynaptic ci stern ae have 

been shown to contain many components of the protein synthetic machinery (Gardiol et 

al. 1999) or alternatively may be part of subsynaptic tubulo-vesicular endosomes. The
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Figure 25: Subcellular distribution of GABARAP-IR in dendrites and axons.
A I-A4, discontinuous deposit of electron dense HRP reaction product (A 1-4) in the 
cytoplasm of dendrites (de) which decorate (arrows) or not (crossed arrows) the 
postsynaptic differentiation facing presynaptic boutons filled with a pleiomorphic 
population of vesicles. B, C, immunogold detection of GABARAP. Gold particles 
which can be associated (arrows) or not (crossed arrows) with cistemae (arrowheads) 
are either scattered in the dendritic cytoplasm (B) or close to a postsynaptic membrane 
(C l-4). Note that the shape of the gold particle-associated postsysnaptic cistemae can 
vary from one another. D, double detection of GABARAP associated gold particles 
(arrows) and gephyrin immunoperoxidase electron dense deposits (double crossed arrow). 
Note the absence of colocalisation. E, The presence of GABARAP-IR can also be detected 
in axons. A 1-2, B. C l-3 , D, E and A3, A4 and C4 are from the ventral horn of the spinal 
cord and from the hippocampus respectively. Calibration bars; 0.5 //m.
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presence of GABARAP-IR at these sites may therefore suggest a role for this protein in 

dendritic protein synthesis and local membrane insertion or endocytosis.

W hen GABARAP-IR was found at the postsynaptic level, it was not directly 

adjacent to or at a constant distance from the plasma membrane as seen for proteins of the 

postsynaptic scaffold such as gephyrin (Triller et al. 1987). In agreem ent with this, 

double-labelling experiments indicated that in most cases, gephyrin and GABARAP-IR 

were not co-localised (Fig 25D). These results provide further evidence that GABARAP 

is not a key com ponent of the inhibitory postsynaptic scaffold. The presence of 

G ABARAP-IR in axons, already seen in cultured neurones, was confirm ed with the 

immunogold approach (Fig. 25E).

The distribution the GABARAP staining found on intracellular membranes was 

further investigated. W ith the immunoenzymatic method, a discontinuous GABARAP-IR 

was scattered in the somata of most neurones (Fig 26A-D). At this location, deposits of 

electron dense im munoenzymatic reaction product were associated with cisternae of the 

endoplasmic reticulum  (Fig 26B1-2) or of the Golgi apparatus (Fig 26C-D). W ith both 

im m unoenzym atic (Fig 26B1) and im m unogold methods (Fig 26B2) G ABA RA P-IR  

decorated the cytoplasmic side of rough endoplasm ic cisternae. A t the Golgi apparatus, 

the d is trib u tio n  pa tte rn  o f the G A B A R A P-IR  was fu rth e r exam ined . The 

im m unoenzym atic electron-dense deposits predom inated at the edges of the stacks of 

Golgi cisternae (Fig 26C1-3) where vesicles bud or fuse (M ellman and W arren, 2000). 

This labelling was confirmed using the immunogold method (Fig 26D1-3). Therefore the 

localisation of GABARAP-IR at the edge of the Golgi apparatus and other intracellular 

membranes is compatible with a role for this GABARAP in intracellular protein transport.
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Figure 26: Subcellular distribution ot GABARAP IR in the neuronal somata.
The deposits of immunoenzymatic reaction product are associated with the Golgi 
apparatus (arrow, Go) and with the reticulum (arrowheads). B 1-2, Reticulum 
associated GABARAP-IR: the electron dense deposit (arrowhead, B l) or the 
associated gold particles (arrowheads. B2) are adjacent to the cytoplasmic side 
of the reticulum cisternae. C-D, Golgi apparatus associated GABARAP-IR.
The electron dense deposit (arrows, C 1-3) or the associated gold particles 
(arrows, D l-3) are associated with the cytoplasmic side of the Golgi cisternae. 
Note that the labeling predominates at the edge of the stacks where vesicle 
bud or fuse.
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5.5 Association of GABARAP with A-ethylmaleimide sensitive factor (NSF)

The low levels of co-localisation of GABARAP with either the synaptic clusters of 

the y2 subunit or gephyrin strongly suggests that GABA RA P is not acting to cluster 

GABA^ receptors at synaptic sites or to act as a linker molecule between the y2 subunit 

and gephyrin. The localisation of GABARAP to intracellular m embrane com partments, 

including the Golgi apparatus and subsynaptic cisternae suggests that GABARAP may be 

im portant for in tracellu lar transport o f GABA^ receptors. In teresting ly , a close 

homologue of GABARAP, G A TE-16, has been shown to act as an intracellular transport 

factor via its ability to interact with NSF (Sagiv et al., 2000). NSF plays a role in the 

trafficking of AMPA type glutamate receptors (reviewed by Haas, 1998; Jahn, 1998) and 

the |3-adrenergic receptor (McDonald et al., 1999). It was therefore of interest to examine 

whether GABARAP, like its homolog G A TE-16, could associate with NSF since this 

would provide further evidence for the role of GABARAP in GABA^ receptor trafficking. 

This was tested using affinity ‘pull dow n’ assays from  COS-7 cell lysates expressing 

m yc-tagged rat NSF (Song et al., 1998) with full length G ABA RAP expressed as a 

glutathione-S-transferase (GST) fusion protein (W ang et al., 1999). Purified GST- 

G ABA RAP im m obilised on glutathione agarose beads was exposed to detergent 

solubilised extracts of COS-7 cells transiently transfected with m yc-tagged NSF. After 

extensive washing, bound proteins were eluted in SDS sample buffer, resolved by SDS- 

PAGF and analysed by W estern blotting using anti-m yc antibodies. U sing this assay 

GST-GABARAP was found to interact with myc-NSF (Fig. 27A). In contrast, GST alone 

was not found to interact with myc-NSF (Fig. 27A). These results suggest that 

GABARAP can interact with NSF in the cytosol, how ever this does not exclude an 

indirect interaction between the two proteins. To verify that GABARAP interacts directly 

with NSF, GST-GABARAP immobilised on glutathione agarose beads was incubated 

with recombinant myc-tagged NSF in vitro (Sollner et al., 1993). Using this assay.
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Figure 27: GABARAP associates w ith NSF.
GABARAP-GST (GST RAP- in A and C) and GST were exposed to cell 
lysates transfected with myc-tagged NSF (A), purified recombinant myc-NSF 
(B) or brain extracts. After extensive washing bound material was resolved by 
SDS-PAGE and analysed by immunoblotting with an anti-myc (A, B) or anti-NSF 
antibody (C). Binding of NSF to GABARAP-GST but not GST was detected in all 
cases (A-C). GABARAP (GBR) co-immunoprecipitates with NSF from cell lysates 
(D). Lysates from untransfected cells (U.T.) or cells co-transfected with myc- 
G ABA RAP and FLAG-NSF (+NSF,+GBR) were immunoprecipitated with 
anti-FLAG. Bound material was resolved by SDS-PAGE and analyzed by 
immunoblotting with an anti-myc antibody to detect NSF (blot 9E10) and 
anti-FLAG antibody (blot FLAG) to detect GABARAP (D).
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significant am ounts o f recom binant m yc-tagged NSF was found to associate with 

GABARAP (Fig. 27B), confirming a direct interaction between NSF and GABARAP.

To confirm if GABARAP could also interact with NSF in brain. GST-GABARAP 

was exposed to brain extracts and associated proteins were resolved by SDS-PAGE and 

probed with an anti-NSF antibody. GST-GABARAP was found to interact with NSF from 

brain extracts (Fig. 27C). In contrast GST alone did not bind to NSF from brain lysates 

(Fig. 27C). These results strongly suggest that GABARAP is able to interact with NSF in 

brain.

T he in te ra c tio n  o f G A B A R A P w ith  N SF  w as fu rth e r  te s ted  via 

im m unoprécipitation. Extracts of COS-7 cells transiently transfected with myc-tagged 

NSF and FLAG-tagged GABARAP were im munoprecipitated with anti-FLAG antibody 

and then precipitated material was probed using anti-myc and anti-FLAG antibodies. NSF 

can clearly be seen to co-im m unoprecipitate with GABARAP (Fig. 27D). These results 

further confirm  that GABARAP can associate with NSF.

5.6 GABARAP and NSF co-localise in cultured hippocampal neurones

Finally, to provide further evidence that GABA RAP and NSF associate in vivo, the 

localisation of these two proteins was exam ined in cultured hippocampal neurones using 

double im m unofluorescence and confocal microscopy. Hippocam pal neurones that had 

been m aintained in culture for three weeks were double labelled with a rabbit antibody to 

GABARAP (Fig. 28A) and a monoclonal anti-NSF antibody (Fig. 28B), and visualised 

with FITC conjugated anti-rabbit and Texas Red conjugated anti-m ouse secondary 

antibodies, respectively. Im portantly, a large amount of co-localisation of GABARAP 

with NSF, seen as yellow staining in the merged panel, could be detected (Fig. 28C).
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Figure 28: GABARAP co-localizes with NSF in cultured hippocampal 
neurones.
Cultured hippocampal neurones (3 weeks old) were permeabilised and probed 
with a rabbit anti-GABARAP polyclonal antibody (A) and mouse anti-NSF 
monoclonal antibody (B). Antibodies were visualised with anti-rabbit 
FITC-conjugated and anti-mouse Texas Red-conjugated secondary antibodies. 
An enlargement of the same dendrite is shown in each panel. GABARAP, 
which co-localises with NSF can be seen as yellow staining in the merged 
image (C). Scale bar 10 pm.
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5.7 Discussion

The correct targeting of GABA^ receptors to the appropriate synaptic sites is 

critical for efficient inhibitory synaptic transmission (Essrich et al., 1998). Using the yeast 

two-hybrid system a novel 17kDa m icrotubule binding protein called G ABARAP has 

been isolated which binds specifically to the GABA^ receptor y2 subunit (W ang et al., 

1999). GABARAP can bind to microtubules in vitro, im m unoprecipitates with GABA^ 

receptors from brain and co-localises with some GABA^ receptor clusters in cultured 

cortical neurones suggesting that this new receptor associated protein may be involved in 

linking GABA^ receptors to the cytoskeleton at GABAergic synapses (W ang et al., 1999; 

Wang and Olsen, 2000).

In addition to GABARAP, gephyrin, another tubulin binding protein, has been 

implicated in the synaptic targeting and clustering of GABA^ receptors (Essrich et al.,

1998). G ephyrin was originally shown to play a central role in clustering o f glycine 

receptors via its ability to bind the glycine receptor p subunit and tubulin (reviewed by 

Kneussel and Betz, 2000a,b). The essential role of gephyrin in mediating glycine receptor 

clustering has been dem onstrated by gene knock-out, which abolishes glycine receptor 

clustering at synaptic sites (Feng et al., 1998b). In addition to its role at glycinergic 

synapses, gephyrin also co-localises with GABA^ receptor subunits at synaptic sites 

within the CNS suggesting a role for gephyrin in the synaptic clustering o f GABA^ 

receptors (Craig et al., 1996; Sasso-Pognetto et al., 2000). Confirmation of the importance 

of gephyrin in GABA^ receptor anchoring comes form inhibition of gephyrin expression 

using either antisense oligonucleotides or gene deletion, both of which reduce the 

clustering of GABA^ receptors at synaptic sites (Essrich et al., 1998; Kneussel et al.,

1999). H ow ever w hether gephyrin directly interacts w ith GABA^ receptor subunits 

remains to be determined.
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To further elucidate the role of GABARAP and gephyrin in GABA^ receptor 

m em brane traffick ing , the distribution o f these tw o pro teins was com pared in 

hippocampal neurones to that for y2 subunit containing GABA^ receptors. In this system 

GABAa receptors have been previously docum ented to be enriched at synaptic sites 

(Craig et al., 1994; 1996). Using im m unofluorescence virtually all GABA^ receptor 

clusters containing the y2 subunit also contained gephyrin-IR. In addition, many of the 

clusters of gephyrin-IR were at synaptic sites as defined by co-localisation of gephyrin 

staining with synaptophysin staining. In contrast, the majority of GABA^ receptor clusters 

did not contain GABARAP-IR. Furthermore, GABARAP-IR was rarely found at synaptic 

sites as reflected by low levels of co-localisation with synaptophysin staining and 

confirmed with electron microscopy. Non-quantitative fluorescent methods in spinal cord 

neurones have also revealed that the majority of GABA RA P is not associated with 

GABA^ receptor clusters (Knuessel et al., 2000). The strong co-localisation of gephyrin- 

IR with GABA^ receptor clusters is consistent with a role for this protein in receptor 

anchoring as suggested by previous studies (Essrich et al., 1998; Kneussel et al., 1999). 

The low level of G A BA RA P co-localisation w ith GABA^ recep tor clusters and 

synaptophysin suggest that this protein is not primarily involved in receptor anchoring at 

synaptic sites. From the expression patterns of gephyrin and GABARAP it was evident 

that immunoreactivity for these 2 proteins showed only limited co-localisation despite the 

observation that they can interact in vitro (Knuessel et al., 2000). This suggests that 

G ABA RA P is unlikely to act as a linker m olecule betw een GABA^ receptors and 

gephyrin. Interestingly, in a recent study it has been proposed that GABA^ receptors and 

gephyrin are clustered at inhibitory synapses independently of the tubulin cytoskeleton 

(Allison et al., 2000). This would further suggest that the microtubule binding activity of 

GABARAP is unlikely to be important for the m aintenance of the inhibitory synaptic 

scaffold.
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G ABA RA P-IR  was found in both som atodendritic and axonal dom ains with 

clusters of fluorescence being evident within neuronal processes. U sing electron 

microscopy GABARAP was localised to intracellular membrane com partments including 

the Golgi apparatus and subsynaptic cisternae. Furtherm ore the study presented here 

demonstrates that GABARAP and NSF can associate and share overlapping distributions 

in hippocam pal neurones. A homologue of GABARAP, GATE 16 has been isolated 

which has 68% amino acid identity to rat GABARAP (Sagiv et al., 2000). GATE 16, like 

GABARAP, is highly expressed in the brain on intracellular membranes and is capable of 

binding NSF.

The rapid cycling of AMPA receptors between intracellular compartments and the 

cell surface has recently been reported and it has been suggested that the interaction 

between NSF and AM PA receptors may be im portant for this process (Luscher et al., 

1999). Previously, it has been reported that GABA^ receptors constitutively endocytose in 

both recom binant and neuronal systems (Connolly et al., 1999a,b; K ittler et al., 2000a). 

Furtherm ore as described in chapter 4 of this thesis, reagents that block endocytosis 

rapidly increase GABA^ receptor mediated synaptic responses (K ittler et al., 2000b). 

These results suggest that synaptic GABA^ receptors can cycle between intracellular and 

cell surface pools in a similar fashion to AMPA receptors (Luscher et al., 1999). NSF via 

an association with GABARAP could be im portant for the cell surface trafficking of 

GABA^ receptors in a manner analogous to role played by N SF in AM PA receptor 

trafficking (Nishimune et al., 1998; Osten et al., 1998; Song et al., 1998; Noel et al.,

1999).

NSF has also been implicated in (3-adrenergic receptor endocytosis via a direct 

association with (3-arrestin 1 (McDonald et al., 1999) and is also essential for endosome 

fusion (Burd et al., 1997; Robinson et al., 1997). Another GABARAP homologue, Aut7p 

has been isolated from yeast (Lang et al., 1998). Interestingly, Aut7p has m icrotubule
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binding activity and controls the targeting of vesicles to the vacuolar system, a pathway 

that has many similarities to the endosomal / lysozomal system in mammalian cells (Lang 

et ah, 1998). This may suggest that GABARAP and NSF could alternatively be important 

in GABA^ receptor endocytosis. Given that Aut7p a yeast homologue o f GABARAP is 

im portant for trafficking to the mammalian equivalent of a deep endosom al/lyzosom al 

com partm ent it is possible that GABARAP may be conferring specificity  to the 

destination within the endosomal system of GABA^ receptors containing the y2 subunit. 

The relevance of this to trafficking of neuronal GABA^ receptors is unclear.

Our observations strongly suggest that gephyrin and GABARAP are likely to be 

involved in different aspects of GABA^ receptor function. The studies described here 

show that GABARAP is not a key component of the inhibitory postsynaptic scaffold and 

therefore is unlikely to play a role in synaptic anchoring or to act as a bridging molecule 

between GABA^ receptors and gephyrin. The subcellular localisation o f GABARAP and 

it’s ability to bind NSF suggest it plays a role in the transport of GABA^ receptors 

between intracellular storage compartments and cell surface domains. GABARAP may 

therefore have an im portant role in the production and m aintenance of GABAergic 

synapses.
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CHAPTER 6 

FINAL DISCUSSION

6.1 Summary

In the mammalian brain, GABA^ receptors are specifically targeted to distinct 

postsynaptic dom ains w here they are concentrated in receptor clusters. This thesis 

describes studies carried out to gain further insight into the mechanisms important for the 

specific accumulation of GABA^^ receptors at synaptic sites. To this end, molecular, 

biochemical and cell biological methodologies were used to analyse receptor trafficking 

in neurones.

In order to study GABA^^ receptor trafficking in live cells, a GABA^ 

receptor y2L subunit GFP fusion protein was constructed. Both amino and carboxyl 

terminus y2L subunit GFP fusion proteins, when co-expressed with receptor a l  and p2 

subunits, produced GAB A gated chloride channels that could be potentiated  by 

benzodiazepines. However, addition of GFP to the C-terminus of y2L produced a receptor 

subunit that was less stable and assembled less efficiently into functional receptors as 

determined by biochemical and electrophysiological methods. In contrast to this, addition 

of GFP to the amino terminus of the y lL  subunit produced a receptor with properties that 

were very similar to those of the wild type 72L subunit. Using the y2L-GFPN subunit GFP 

fusion protein it was possible to verify in live cells observations made on the endocytosis 

and subunit dependency of cell surface trafficking of this subunit. Furthermore, the y2L- 

GFPN was also targeted to inhibitory synapses in cultured hippocam pal neurones. 

Interestingly, the cell surface targeting of the y lL  -GFPN fusion protein showed the same 

subunit dependency in neurones as in recombinant systems.

The endocytosis of GABA^ receptors observed in A293 cells using y2L -GFPN 

was also observed for GABA^ receptors in cultured hippocampal neurones and found to 

occur via clathrin dependent endocytosis. The intracellular dom ains of the GABA^
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receptor (3 and y2 subunits were found to associate with the AP2 adaptin complex, which 

may recruit receptors into clathrin coated pits. Furthermore, blocking endocytosis resulted 

in a significant run up of mIPSC am plitude providing evidence that receptors are 

trafficking between the cell surface and intracellular storage compartments.

W ork was also carried out to study the role of G ABARAP in GABA,^ receptor 

trafficking and clustering. The distribution of GABARA P was com pared to that of 

GABA^ receptors and the putative GABA^ receptor clustering molecule gephyrin. Only 

low levels of GABARAP were found at inhibitory postsynaptic sites suggesting that this 

protein is not a key com ponent of the inhibitory synaptic scaffold. Interestingly, 

G ABARA P was localised to intracellular com partm ents and subsynaptic cisternae. 

Furthermore, GABARAP was found to bind to NSF, a molecule essential for intracellular 

trafficking events (Rothm an, 1994) that has recently been im plicated  in receptor 

trafficking (McDonald et al., 1999; Nishimune et al., 1998; Song et al., 1998; Osten et al., 

1998; Noel et al., 1999). These results suggest that GABARAP may be involved in the 

trafficking of GABA^ receptors between intracellular storage com partm ents and cell 

surface sites.

6.2 G ABA A receptor clustering and targeting

There is substantial evidence that gephyrin is im portant for receptor clustering 

(Essrich et al., 1998; Kneussel et al., 1999). H owever since it has not been possible to 

identify a biochemical interaction between GABA^ receptors and gephyrin in vivo, the 

m echanism  by which gephyrin may cluster receptors rem ains unclear. It has been 

suggested that the y l  subunit binding protein GABARAP could act as a linker molecule 

between the y2 subunit and gephyrin (Passafaro and Sheng, 1999; Kneussel and Betz, 

2000a). S tudies presented  in this thesis, using both im m unofluorescence and 

immunoelectron microscopy show only low levels of colocalisation of these two proteins.
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suggesting it is unlikely that GABARAP serves to link GABA^ receptors to gephyrin. The 

y2 subunit may be important for the synaptic targeting of GABA^ receptors (Essrich et al., 

1998; Brickely et al., 1999) however the molecular mechanisms im portant for this process 

remain unclear. It is possible that a yZ specific protein-protein association may be acting 

to recruit and / or tether y2 containing receptors at synapses. GABARAP is the only y2 

specific associated protein identified to date however the low levels of GABA RAP at 

synaptic sites as dem onstrated here would suggest that this protein is not likely to be 

involved in m aintaining GABA^ receptors at synapses. Furtherm ore, the targeting of 

GABA^ receptors is likely to be com plex given that d iffering  recep tor subunit 

com binations can be targeted to unique subcellular domains in neurones (Koulen et al., 

1996; N usser et al., 1996 a,b; Nusser et al., 1998b). This suggests that additional 

m echanism s must exist to explain the specific targeting of GABA^ receptor subunit 

combinations.

6.3 GABA^ receptor trafficking as a putative mechanism for synaptic plasticity

Activity dependent synaptic plasticity is thought to be important for certain forms 

of learning and memory (reviewed in M artin et al., 2000). M ost studies of neuronal 

plasticity  have focused on FTP and LTD of g lu tam aterg ic synapses (B liss and 

Collingridge, 1993; Nicoll and Malenka, 1995). However, studies have also reported LTP 

and LTD at GABAergic synapses in a number of brain regions including hippocam pus 

(McLean et al., 1996; Gaillard, 1999a,b) cortex (Komatsu, 1994) and cerebellum (Kano et 

al., 1995). It is clear that such changes in the strength of G A B A ergic synaptic 

transmission could be important in modulating neuronal plasticity since this could have an 

im portant effect on the input-output relationship of a neurone. Furtherm ore, LTD of 

GABAergic inhibition has recently been shown to underlie the increased excitability of 

C A l neurones associated with LTP (Lu et al., 2000). In this case, GABAergic LTD was
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found to be important for increasing the likelihood in the postsynaptic cell of an EPSP 

discharging an action potential (Bliss and Lomo, 1973; Linden, 1999; Lu et al., 2000).

LTP and LTD of synaptic transm ission can be achieved by m odulating the 

efficacy of the postsynaptic response to transm itter release. This can be achieved by 

modifying receptor channel properties, for instance by phosphorylation. A lternatively, 

under saturating conditions of neurotransmitter, increasing or decreasing the number of 

receptors in the postsynaptic membrane would be expected to have a significant effect on 

synaptic transmission. In the case of AMPA receptors, both receptor phosphorylation and 

receptor turnover at postsynaptic sites have been found to effect glutam atergic synaptic 

strength and plasticity (O ’Brien et al., 1998; Luscher et al., 1999; M an et al., 2000; Wang 

and Linden, 2000; Lee et al., 2000). Similarly, receptor phosphorylation can modulate 

GABA^ receptor channel properties (Moss et al., 1992; M oss et al., 1995; M oss and 

Smart, 1996; M cD onald et al., 1998). Im portantly, there is evidence to suggest that 

regulating the number of postsynaptic GABA^ receptors can also have a significant effect 

on inhibitory synaptic transmission. In cerebellar stellate cells, differences in postsynaptic 

receptor num ber have been found to determine GAB A mini am plitude (N usser et al., 

1997). Furthermore, activity dependent increases in GABA^ receptor num ber have been 

found to underlie potentiation at hippocampal inhibitory synapses (N usser et al., 1998a). 

The mechanisms behind changes in synaptic receptor number at inhibitory synapses are 

unknown but could be due to an increased rate of postsynaptic receptor insertion and / or 

decreased rate of receptor removal.

The results presented here suggest that the regulation of postsynaptic GABA^ 

receptor cycling could be an effective means o f regulating  inh ib ito ry  synaptic 

transmission. In neurones, GABA^ receptors were found to constitutively endocytose by a 

clathrin dependent m echanism , via an association with the adaptin com plex AP2. 

Furthermore, blocking dynamin dependent endocytosis caused a significant run up in the
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GAB A A receptor mIPSC. This occurred on a relatively rapid tim e scale (over 50% 

increase in mIPSC am plitude over 20 min) im plying that the rates of insertion and 

removal of receptors are relatively fast at GABAergic synapses. Importantly, this implies 

that modulating the turnover of receptor number, by changing the rates of either insertion 

or removal of receptors could significantly effect the strength of GABAergic synaptic 

transmission providing a mechanism for GABAergic LTP and LTD.

This thesis also reports a potential role for NSF in GABA^ receptor trafficking via 

an association between NSF and GABARAP. Interestingly, NSF has already been 

implicated in the trafficking of both metabotropic (M cDonald et al., 1999) and ionotropic 

receptors (Nishimune et al., 1998; Song et al., 1998; Osten et al., 1998) as well as in the 

generation of glutamatergic synaptic plasticity (Luscher et al., 1999; Luthi et al., 1999). In 

agreem ent with this GABA RAP was found localised to in tracellu lar com partm ents 

including subsynaptic cisternae. These m embrane com partm ents could be part of a 

trafficking route taken by receptors cycling between the cell surface and internal pools. 

An in tracellu lar pool of GABA^ receptors has been detected  by im m unoeletron 

microscopy (Sur et al., 1995) and GABA^ receptors have been shown to translocate to the 

cell surface from internal storage compartments upon some signals (Wang et al., 1997). 

By playing a role in GABA^ receptor postsynaptic m em brane insertion or removal, 

G ABA RAP via an association with NSF could serve as part of a protein com plex 

important for regulating the postsynaptic cycling of receptors.

6.4 Future Directions

To achieve cell surface targeting of y2L GFP fusion protein in cultured neurones it 

was necessary to introduce cDNAs for the a l  and P2 subunits at the same time. Triple 

transfection of neurones is both difficult and time consuming. It is perhaps surprising that 

the y2L GFP fusion protein could not assemble with endogenous GABA^ receptor.
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subunits when expressed in neurones. However, it could be explained by low levels of 

endogenous subunits available in the ER for oligom erisation, com pared to very high 

levels of the overexpressed y2L GFP subunit achieved by m icroinjection. This may 

preclude oligomerisation of y2L GFP with endogenous subunits into functional receptors. 

Similarly, recombinant a l  or p2 receptor subunits expressed in superior cervical ganglion 

neurones are also unable to access the cell surface on homomeric expression (Gorrie et al., 

1997). To avoid these problems it would be advantageous to develop a system that would 

allow oligomerisation of the y2L subunit GFPN fusion protein with endogenous subunits

To facilitate the study of GABA^ receptor trafficking using the y2L -G FPN , a 

transgenic mouse constitutively expressing this fusion protein under a neuronal promoter 

was produced. In theory, since this construct will only be integrated once into the 

transgenic mouse genome, it should have an expression level closer to that of endogenous 

subunits and hopefully will therefore assemble with endogenous receptor subunits and be 

targeted to synaptic sites. Unfortunately, there was insufficient time to fully characterise 

this mouse strain. However, this mouse strain should be very useful for the study of 

GABAa receptor clustering. It should be possible to culture neurones from this mouse that 

would express GFP labelled inhibitory synapses. This would provide a very powerful tool 

to study the ontogeny and dynamics of GABAergic synaptogenesis and the m olecular 

mechanisms of GABA^^ receptor targeting in live cells.

This thesis also describes a mechanisms for GABA^ receptor removal via clathrin 

mediated endocytosis. However, it will be im portant to identify signals in the CNS that 

could modify the internalisation rate of receptors. W ith respect to the association of 

GABA^ receptors with AP2, it would be interesting to determ ine the polypeptide 

sequence in receptor intracellular dom ains im portant for the in teraction with AP2 

com plexes. It is known that both Y x x 0  and LL signals interact directly with AP2 

complexes (Kirchhausen et al., 1997) and in the case of Y x x 0  signals this is mediated by
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the \x2 chain of AP2. Both Y x x 0  and LL motifs can be found in GABA^ receptor 

intracellular domains (Barnes, 1996). Importantly, co-crystallisation studies of \l2 with 

Y x x 0  peptides indicate that phospho-tyrosine can not bind in the |li2 hydrophobic binding 

pocket (Marsh and McMahon, 1999). Therefore, phosphorylation could switch off some 

tyrosine based signals to regulate endocytosis (Shiratori et al., 1997; Stephens and 

Banting, 1997; Marsh and McMahon, 1999). Interestingly, a Y x x 0  m otif in the GABA^ 

receptor y2 subunint form s part of the m ajor site o f GABA^ receptor tyrosine 

phosphorylation (Moss et al., 1995). This could therefore provide a mechanism to regulate 

the association of GABA^ receptors with AP2 to regulate receptor internalisation. It 

would therefore be of interest to determine if this m otif is im portant for the association of 

GABA^ receptors with AP2 and the consequence of phosphorylation at this site.

It would also be helpful to better understand the functional role of some GABA^^ 

receptor protein associations. W ork presented in this thesis provides evidence that 

GABARAP is not acting as a bridging molecule between GABA^ receptors and gephyrin 

nor is it a key component of the inhibitory postsynaptic scaffold. G ABARAP does bind 

NSF suggesting a role in GABA^^ receptor trafficking however, it w ould be useful to 

define further the functional consequences of the association between G ABARAP and 

NSF in GABA^ receptor trafficking.
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