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Abstract

Cholesterol has been shown to influence the functional properties of many receptors, 

including the GABA^ receptor. The influence of membrane cholesterol on the 

modulatory site of the GABA^ receptor was investigated via changes induced on [^H]- 

flunitrazepam (FNZ) binding. The effect of cholesterol on [^H]-FNZ binding modulated 

by neurosteroids and the non-steroid propofol was also investigated in native receptors 

of rat cerebral cortex as well as in recombinant GABA^ receptors expressed in 

fibroblasts.

Cholesterol enrichment (181-191% of control) and cholesterol depletion (43-49% of 

control) in cortical membrane fragments was achieved with incubation with cholesterol- 

methyl-P-cyclodextrin inclusion complex and methyl-p-cyclodextrin, respectively. A 

high and a low affinity component for [^H]-FNZ binding were identified in control and 

cholesterol enriched cortical membranes, and in control fibroblast membranes. The two 

components were believed to be coupled to the GABA^  ̂ receptor. Both cholesterol 

enrichment and cholesterol depletion affected the high affinity [^H]-FNZ binding in 

cortical membranes. The modulatory action of neurosteroids (pregnanolone, 

allopregnanolone and alphaxalone) and propofol on [^H]-FNZ binding was increased to 

a similar extent in control, cholesterol enriched and cholesterol depleted cortical 

membranes. Pregnanolone also increased the [^H]-FNZ binding in control fibroblast 

membranes. It was proposed that neurosteroids and propofol enhance [^H]-FNZ binding 

by interfering with the low affinity component. Reducing the temperature from 21 °C to 

4°C affected the [^H]-FNZ binding affinity in control and cholesterol depleted cortical 

membranes. Similar results were also obtained in control fibroblast membranes.

Epicholesterol mimicked the effects of cholesterol on high affinity [%-FNZ binding. 

The effects of coprostanol were similar to cholesterol depletion and the effects of 

epicoprostanol showed pregnanolone-like action on the GABA^ receptor. All three

Page 2



sterols, unlike cholesterol, blocked the action of pregnanolone in potentiating [^H]-FNZ 

binding. Overall, it appears that the cholesterol and the related sterols studied have a 

variety of effects on pregnanolone with regard to its ability to modulate [^H]-FNZ 

binding.
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Chapter 1: General Introduction

1.0 General Introduction

1.1 Plasma membrane

All eukaryotic cells have a plasma membrane. The plasma membrane encloses the cell, 

defines its boundaries and maintains the essential differences between the cytosol and 

the extracellular environment. The cell membrane is constructed of three major type of 

amphiphatic lipids: phospholipids, cholesterol and glycolipids. The four major 

phospholipids predominating in the plasma membrane of many mammalian cells are: 

phosphatidylcholine, sphingomyelin, phosphatidylserine, and phosphatidylethanolamine. 

The great success of Singer and Nicholson in 1972, suggested viewing the biological 

membranes as a fluid mosaic lipid bilayer in which the proteins are either embedded or 

attached to the lipid bilayer. The bilayer structure is attributable to the cylindrical shape 

and the amphiphatic nature of the lipid molecules, which causes them to assemble 

spontaneously into bilayer in the aqueous solution. Lipids exposed to cell surface in the 

outer lipid monolayer have oligosaccharides chains covalently attached to them, which 

forms a glycocalyx or cell coat. The lipid composition of the two leaflets 

(outer/exofacial leaflet and the inner/cytofacial leaflet) of the plasma membrane is 

asymmetric. Lipids in biological membranes exist in a dynamic state where they can 

undergo lateral diffusion within the plane of the membrane as well as possible trans

membrane movement (Dawidowicz et al, 1987).

1.1.1 Plasma membrane proteins

In the plasma membrane, 50% of the membrane mass is proteins. In biological 

membranes proteins are responsible for most of the membrane functions, serving 

mainly as specific receptors, enzymes and transport proteins. Within the membrane, the 

transmembrane proteins extend across the bilayer as a single a  helix or as multiple CC 

helices (Yeagle, 1989), whereas other membrane proteins attach to either a lipid group
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Chapter 1: General Introduction

in the cytoplasmic monolayer or less often attach via oligosaccharides in the non- 

cytoplasmic monolayer. Many proteins are attached to the membranes via non-covalent 

interactions with other membrane proteins. Proteins cannot flip-flop across the bilayer 

but they can undergo rotational and lateral diffusion in the plane of the membrane. Like 

lipids, proteins can be anchored to particular membrane domains in the plasma lipid 

bilayer. Membrane lipid composition appears to be important in regulating the 

behaviour of certain intrinsic membrane proteins.

1.1.2 Plasma membrane fluidity

Membrane fluidity can be modulated by a variety of physical factors (e.g. temperature, 

pressure) or chemical factors (e.g. cholesterol, fatty acids, sphingomyelin level and the 

amount of protein) (Benga, 1985). Bulk membrane fluidity is the average fluidity of the 

exofacial and the cytofacial leaflets of the membrane bilayer (Igbavboa et aL, 1996; 

Schroeder et al., 1988). The fluidity of a lipid bilayer depends mainly on the 

temperature or its lipid composition (especially cholesterol):

Temperature:

Membrane fluidity deceases with decreasing temperature. At low temperatures, 

lipids can undergo phase transition; from the more physiologically-relevant 

liquid crystalline state to a rigid crystalline (gel) state. In membranes of those 

organisms whose temperature fluctuate with that of their environment, the fatty 

acid composition of their membrane lipids is adjusted so to produce a constant 

membrane fluidity. Therefore, if the temperature falls, fatty acids with cis- 

double bonds are synthesised to overcome the reduced bilayer fluidity.

Cholesterol:

In biological membranes, cholesterol generally acts as a modulator of membrane 

fluidity (Mitchell, 1990), where it increases the fluidity of the lipids in the gel 

phase but decreases the fluidity of those lipids in the liquid-crystalline state
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Chapter 1: General Introduction

(Yeagle, 1985). The exact manner in how cholesterol affects the bulk properties 

of the lipid bilayer is detailed in 1.2.1.

1.2 Cholesterol in plasma membrane

Cholesterol accounts for over 40%mol of the total membrane lipids (Wood et at., 1999). 

The normal plasma membrane cholesterol/phospholipid ratio in rat synaptic brain and 

human skin fibroblast is approximately 0.3-0.4 (mol/mol) (Shapiro and Barchi, 1981; 

Slotte and Bierman, 1988). Cholesterol is an essential structural element of cellular 

membranes, predominantly plasma membrane and myelin, as well as precursor for the 

synthesis of steroids, hormones and lipoproteins. Mammalian cells obtain cholesterol 

by internalisation of low density lipoproteins or by denovo synthesis in the endoplasmic 

reticulum (Liscum and Underwood, 1995). Cholesterol is non-homogeneously 

distributed among the membranes of mammalian cells. In fact greater than 90% of the 

cholesterol may be located in the plasma membrane of the cell whereas only small 

amount of cholesterol is found in the intracellular membranes (Yeagle, 1993). 

Cholesterol in the plasma membrane is not distributed evenly and is located in different 

pools or domains:

Cholesterol lateral domains- Cholesterol is segregated into membrane micro-domains 

such as caveolae and cholesterol-sphingolipid rafts in the lateral plane of the 

membrane (Simons and Ikonen, 1997; Haynes et a l, 2000). In these domains, 

cholesterol plays a part in the localisation of specific membrane proteins (see 

section 1.2.3). Modification of the cholesterol lateral domains can alter the 

activity of certain integral proteins, and such domains may be important with 

regard to ion transport and receptor function. However, little is known about the 

structures and the role of lateral domains in the brain tissue (Wood et al., 1999).
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Chapter 1: General Introduction

Transbilayer cholesterol domains - The two other important cholesterol domains are 

the exofacial leaflet and the cytofacial leaflet of the plasma membrane. The two 

leaflets differ in fluidity, cholesterol and phospholipid distribution, electrical 

charge, protein distribution, and function (Igbavboa et a l, 1996). The cytofacial 

leaflet contains almost seven times more cholesterol than the exofacial leaflet 

(Schroeder et a l, 1991) and thus the exofacial leaflet of, for example, mouse 

synaptic plasma membrane is more fluid compared with the cytofacial leaflet. 

The magnitude of the difference in fluidity between the two leaflets is equivalent 

to the effect of a 6°C change in temperature (Igbavboa et ah, 1996). 

Sphingomyelin is enriched mainly in the exofacial leaflet of the membrane 

(Schroeder et a/., 1991) whereas cholesterol is enriched in the cytofacial leaflet 

of many membranes; including the synaptic plasma membranes (Igbavboa et al, 

1997; Wood et a l, 1995) and the membranes of cultured fibroblasts (Sweet and 

Schroeder, 1988). Thus, it is proposed that sphingomyelin may be involved in 

regulating the asymmetric distribution of cholesterol in the exofacial leaflet of 

the plasma membrane. The recent identification of two proteins, apolipoprotein 

E (apo E) and the low density lipoprotein receptor (LDL-R), may also be 

involved in maintaining transbilayer distribution of cholesterol (Igbavboa et al, 

1997, Wood et a l, 1999). Cholesterol has the ability to “flip-flop” between the 

outer and inner leaflet with a transbilayer migration time of few minutes (tĵ j 

between 1 and 6 min).

1.2.1 The role of cholesterol in altering the physical properties of membranes

Cholesterol induces large changes in the physical properties of the membranes, 

especially in the structure of phospholipid bilayer, and at extreme conditions within the 

lipid compartment, it can even lead to phase separation, from the gel phase to the liquid 

crystalline state, (Harris et a l, 1995). Cholesterol can also affect membrane ordering 

and lateral diffusion of membrane lipids and proteins (Yeagle, 1991). The chemical 

structure of the cholesterol molecule contain a 3p-hydroxyl (-0H) group, a “planar”
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Chapter 1: General Introduction

tetracyclic ring system, and a non-cyclic side chain at C-17 (Mukheijee and 

Chattopadhyay, 1996; Gimpl et a l, 1997). These structural features govern much of the 

interaction between cholesterol and the lipid bilayer. When cholesterol is present in the 

membranes, a motional ordering of the lipid hydrocarbon chains is expected, that is 

cholesterol reduces the conformational mobility of the hydrocarbon chains of the 

phospholipids, consequently forming kinks in the lipid hydrocarbon chain. The bend in 

the hydrocarbon chain then forms a fra«5-configuration where most of the chain lie 

perpendicular to the membrane surface but with a kink in the chain. These kinks define 

packing defects in the lipid bilayer (Yeagle, 1993). Thus, if cholesterol is added to the 

membrane, there is an increase in the motional ordering of the lipid hydrocarbon chain 

resulting in lateral contraction of the lipid bilayer, an effect that may be responsible for 

a reduction in bilayer fluidity (Mitchell et a l, 1990). The decrease in the packing defect 

in a membrane reduces passive permeability to small and uncharged molecules (Yeagle, 

1993).

1.2.2 The role of cholesterol in altering the function of membrane proteins

Cholesterol has been shown to be specifically required for the function of many 

membrane proteins; for example the sodium and chloride coupled G ABA transporter 

and the L-glutamic acid transporter from rat brain (Shouffani and Kanner, 1990), Na"̂ , 

K^-ATPase (Vemuri andPhillipson, 1989), adenylate cyclase (Whetton etal, 1983) and 

the NaYCâ "̂  exchanger (Vemuri and Phillipson, 1989). The membrane proteins 

themselves have specific affinities for different lipids, thus creating an intimate shell 

of lipids that has a different composition from the bulk phase. Cholesterol has also 

influenced the functional properties of several membrane receptor proteins, including 

acetylcholine receptor (Jones and McNamee, 1988), rhodopsin receptor (Mitchell et al, 

1990), oxytocin receptor and the brain cholecystokinin receptor (Klein et a l, 1995; 

Gimpl et a l, 1997) and the GABA^ receptor (Bennet and Simmonds, 1996; Schlepper 

et al, 1998; Sooksawate and Simmonds, 1998). Cholesterol can modulate the function 

of biological membranes by more than one mechanism. Cholesterol can alter the bulk
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biophysical properties of membranes by increasing the orientational order of the lipid 

hydrocarbon chains of the membrane and thereby reducing the free-volume available 

to membrane proteins for conformational changes required for membrane protein 

function. Or it may bind directly to the membrane proteins and regulate their function. 

In this role, cholesterol may stimulate or inhibit the membrane protein function (Yeagle, 

1993).

1.2.3 The role of cholesterol in confining membrane proteins to lateral domains 

within membrane

Within the lateral plane of the plasma membrane, there are specific membrane caveolae 

and specialised rafts onto which specific proteins can attach within the bilayer 

(Rothberg et al., 1990; Simons and Ikonen, 1997; Simons et al.y 1998). Caveloe are 

formed by self-associating caveloin protein molecules that needs cholesterol to function. 

The rafts are formed via dynamic clustering of sphingolipids and cholesterol that move 

within the fluid bilayer. Sphingolipids associate laterally with one another through weak 

interactions between the glycosphingolipids within the exofacial leaflet. The 

glycosphingolipids carry long fatty acids that can interdigitate with the cytoplasmic 

leaflet of the bilayer. Any void between the associating sphingolipids and interdigitating 

fatty acids are filled by cholesterol in the exofacial and the cytofacial leaflet of the 

bilayer. Thus, cholesterol is needed for caveolae and rafts to play an important role in 

the localisation of membrane protein and the regulation of membrane-trafficking 

process (Simons and Ikonen, 1997).

1.2.4 Cholesterol interaction with the ligand gated ion channels

Investigations into the effects of cholesterol on ligand-gated ion channels has been 

performed on the nicotinic acetylcholine-gated channel (nAchR) and more recently the 

GAB A A receptor.

Page 27



Chapter 1: General Introduction

Cholesterol interaction with the Ach receptor

The requirement of cholesterol, acidic phospholipids and negatively charged 

phospholipids has'^hown to be important in preserving the ability of reconstituted 

nAchR, taken from the electric tissue of the Pacific ray Torpedo califomica, to exhibit 

an optimal ion channel activity (Fong and McNamee, 1986, Fong and McNamee, 1987 

and Sunshine and McNamee, 1992). Different lipid species has also been shown to 

stabilise the secondary structure of the receptor’s transmembrane portions (Femandez- 

Ballester et al., 1994), and specifically cholesterol can stabilise the high affinity, 

channel in-active, desensitised state of the receptor that is normally stabilised by 

prolonged exposure to agonists (Baenziger et al., 2000), It is also suggested that the M4 

segment of the receptor is the most lipid exposed transmembrane region and the point- 

mutations therein dramatically alters the ion channel properties of the receptor (Dreger 

et al., 1997).

Cholesterol binding sites at the nAchR receptor - The cholesterol binding sites 

are believed to be within the transmembrane domain of the receptor since 

changes in lipid environment do not significantly affect the dissociation 

constants of agonist from nAchR, the agonist binding sites being located on the 

extracellular domain well above the surface of the membrane (Fong and 

McNamee, 1986). Hence, there are three regions of membrane with which 

cholesterol might modulate the receptor: in the lipid bilayer, the lipid-protein 

interface (annular sites), or the protein itself (non-annular or interstitial sites). 

In the bilayer, the role of membrane fluidity has been ruled out since neutral 

lipids can substitute for cholesterol and maintain receptor activation (Sunshine 

and McNamee, 1992; Femandez-Ballester et al., 1994). The use of a brominated 

steroid analogue in fluorescence quenching studies revealed the presence of two 

different lipid binding domains for the nAchR; annular sites which bind both 

cholesterol and phospholipids and non-annular sites which have a 20-fold 

higher affinity for cholesterol (Jones and McNamee, 1988). However, in
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this study, the use of ethinium bromide probe in fluorescence studies (Addona 

et ai, 1998) and the use of [*^^I]azido-cholesterol in photoaffinity labelling 

studies (Corbin et a l, 1998) suggested that the cholesterol site of action on the 

nAchR to be at the non-annular site or on the peri-annular sites, the latter being 

the binding sites situated very close to the lipid-protein interface.

Cholesterol interaction with the GABA^ receptor

Cholesterol has been reported to affect the action of modulatory drugs on the GABA^ 

receptor. The addition of more cholesterol in GABA^-receptor containing membranes 

from cerebral cortex reduced the effect of neurosteroid, pregnanolone, as a potentiator 

of the binding of the benzodiazepine agonist pH]-flunitrazepam (FNZ). However, the 

results using membranes from spinal cord and cerebellum were not in accord with the 

former results (Bennett and Simmonds, 1996). In contrast to this study, cholesterol 

enrichment in cortical membranes-containing GABÂ  ̂receptors greatly enhanced the 

pH]-FNZ binding by pregnanolone as well as some other modulatory neurosteroid 

(allopregnanolone and alphaxalone). The control pH]-FNZ binding was also affected 

upon addition of more cholesterol to the cortical membrane fragments (Schleper et al.,

1998). More recently, the results from the electrophysiological studies showed that 

cholesterol enrichment in hippocampal neurons taken from young rats reduced the 

potentiation of GABA^ currents by pregnanolone, allopregnanolone and alphaxalone 

(Sookswate and Simmonds, 1998).

Cholesterol binding sites at the GABA^ receptor - Since little work is done on 

the interaction of cholesterol with the GABA^ receptor, no specific binding 

domain of cholesterol at the GABA^ receptor is proposed. However, a 

competition between the cholesterol and the neurosteroid binding site at the 

GABA^ receptor is suggested (Bennet and Simmonds, 1996; Sookswate and 

Simmonds, 1998).
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1.3 Ligand gated ion channels

Ligand gated ion channels mediate fast synaptic transmission via the movement of ions 

through channels. Receptors that belong to the superfamily of ligand gated ion channels 

include nAchR receptors, GABAy  ̂receptors, GABAc receptors, strychnine-sensitive 

glycine receptors, 5HT3 receptors, excitatory glutamate receptors (with sub-families of 

NMDA, AMPA and kainate receptors) and the ATP receptors. Out of all these 

receptors, nAchR receptor is the most studied and understood and the GAB Aŷ  receptor 

is the most complex. The latter part of this general introduction will now focus on the 

GABAŷ  receptor.

1.4 acid (GABA)

G ABA is a major inhibitory neurotransmitter in the vertebrate central nervous system. 

Depending on the brain region, it is estimated that 20-50% of all central synapses use 

GAB A as their transmitter (Sieghart, 1995). It mediates its effects via the specific 

interaction with the integral membrane proteins, GAB A receptors. There are two major 

types of G ABA receptors, GABAy  ̂and GABAg receptors. GABAy  ̂receptors are fast 

acting ligand-gated ion channels. Activation of these receptors results in gating or 

opening of an integral chloride ion channel which ultimately results in hyperpolarization 

of the neuronal cell (Stephenson, 1995). GABAg receptors are coupled to Câ  ̂or 

channels via G-proteins and second-messenger systems (Bowery, 1993).

1.4.1 GABAŷ  receptor

GAB Aŷ  receptors are of great importance because of the part they play in the regulation 

of brain excitability and their function is allosterically regulated by distinct classes of 

therapeutic compounds such as anxiolytic benzodiazepines, barbiturates, neurosteroids 

and volatile anaesthetic. Some of these compounds are reviewed in detail below.
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GABA^ receptor is a transmembrane hetero-oligomeric protein, that is composed of 

five subunits arranged in the membrane in a cylindrical fashion to form a central 

chloride ion channel (Nayeem et a l, 1994; Dunn et al., 1999). GABA^ receptor 

subunits display a high degree of heterogeneity and divided into number of families 

based on sequence homology, with most families having several members. Thus so far, 

20 related GABA^ receptor subunits have been cloned in the mammalian central 

nervous system, these are a , .5, and pi.3 (Barnard et al., 1998).

Recently, the existence of an additional 0 subunit has also been reported (Whiting,

1999). The subunit heterogeneity is increased when some subunits undergo alternate 

splicing. The most prevalent of these is the Y2 subunit, which exist in Yzshon (Yzs) and 

YzLong ( Ï 2l) form (Stephenson, 1995; Barnard eta l, 1998 ). Alternate splicing has also 

been identified in a^, P2, P3 and P4 subunits (Barnard et al., 1998).

1.4.2 Molecular structure of the GABA^ receptor

The GABA^ receptor subunits share a low but definite (-25%) aminoacid sequence 

homology with the subunits of the nicotinic acetylcholine receptors (nAchR), both 

being in the same superfamily of ligated gated ion-channel (Barnard et al., 1998), The 

structure of GABA^ receptor is described below:

It is predicted that each subunit of GABA^ receptor has an extended, 

extracellular, hydrophilic N-terminal domain of the order of 220 aminoacids. 

Within this region is the consensus sequences for N-glycosylation.

There are four putative hydrophobic domains, TM1-TM4, which span the 

membrane to form a chloride ion channel. TM2, by analogy with the nAChR, is 

thought to form the inner lining of the channel (Stephenson, 1995).

The N-and C- terminal regions of the subunit are extracellular, but so far this is 

not proven.
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There is a second hydrophilic region between the TM3 and TM4 trans

membrane spanning regions, often referred to as cytoplasmic or the intracellular 

loop domain. This region contains consensus sequences for phosphorylation by 

various protein kinases.

There is a sequence of 15 aminoacids within the N-terminal region of the 

subunit, which is predicted to form a loop by 2 conserved cysteine group (Cys- 

Cys loop), which are believed to be disulfide linked in the GABA^ receptor 

(Whiting et a l, 1995). This domain is thought to contain the G ABA recognition 

site.

The molecular structure of the GABA^ receptor is shown in figure 1.1.
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Figure 1.1: A schematic model for the topology of the GABA^ receptor in the 

cell membrane. Four membrane-spanning helices in each subunit are shown as 

cylinder. The structure in the extracellular domain is in an arbitrary manner, but 

the presumed p-loop formed by disulfide bond is shown. Potential extracellular 

sites for N-glycosylation are indicated by triangles. The site for 

phospho ^lation, present only in the p-subunit is marked by an encircled P. 

Modified from Schofield et al., (1987).
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Table 1.1: Distribution of the major GABA^-receptor sub-types in the rat adult brain 

(Modified from McKeman and Whiting, 1996).

Subtype Relative abundance 

in rat brain (%)

Location and putative function

«iPzYz 43 Present in most brain areas. Localised to 

intemeurones in hippocampus and 

cortex, and cerebral Purkinje cells

18 Present on spinal cord motomeurones 

and hippocampal pyrimadal cells

«aP.Yz/Ys 17 Presen t on ch o lin erg ic  and 

monoaminergic neurones where they 

regulate ACh and monoamine turnover

«iP.Yi 8 Present on Bergmann glia, nuclei of the 

limbic systems, and in pancreas

4 Predominantly present on hippocampal 

pyramidal cells

«ePxYj 2 Present on cerebellar granule cells

«éPxÔ 2 Present on cerebellar granule cells

«4PxÔ 3 Present in thalamus and hippocampal 

denate gyrus

Other minor 

subtypes

3 Present throughout brain

Location and function are listed where these have been investigated, and are not

comprehensive. Other minor subtypes include 0Cia6p,,Y2>

and « sPYzÔ subtypes and are represented together as a small population.
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1.4.3 Regional distribution of GABA^ receptor subunits in the brain

In the adult brain, the subunit is the most abundantly expressed, followed by CLj and

then subunit. The subunit is predominantly expressed in the cerebellum, whereas 

hippocampus has low levels of this subunit. In contrast, « 2.5 subunits are present in the 

hippocampus but cerebellum is devoid of these subunits (McKeman and Whiting, 1996; 

Mehta and Ticku, 1999). Cerebral cortex has intermediate levels of and low levels 

of (Mehta and Ticku, 1999), The (X̂  subunit is enriched in the thalamus (Stephenson, 

1995; Mehta and Ticku, 1999) whereas subunits is expressed in the cerebellar 

granule cells (Stephenson, 1995; McKeman and Whiting, 1996; Bamard et a l, 1998; 

Mehta and Ticku, 1999). Of the P-subunits, p, and P3 subunits are predominantly 

expressed in the hippocampus followed by cerebral cortex and then cerebellum. In 

contrast, the P2 subunit is enriched mainly in the cerebellum, followed by cerebral 

cortex and then the hippocampus (Mehta and Ticku, 1999). The Y2 subunit is the most 

abundantly expressed in almost every region of the brain, whereas y 3 subunit is present 

in the cortex and the basal nuclei. The enrichment of Ô subunit is mainly in the 

cerebellum followed by thalamus (Stephenson, 1995; Mehta and Ticku, 1999). The €- 

subunit mRNA is present in amygdala, thalamus and subthalamaic nucleus (Davies et 

al., 1997; Mehta and Ticku, 1999). The 71 subunit is reported to be present in peripheral 

tissues such as lungs, thymus, prostate and utems (Whiting, 1999). The subunits pi.3 are 

mainly present in the retina (Bamard et al, 1998; Sieghart et al., 1999) but has also 

been reported to be expressed in the rat brain regions such as cerebellar purkinje cells 

and hippocampus (Boue-Grabot et al., 1998).

1.4.4 Subunit composition of GABA  ̂receptors in the brain

The diversity of different subunits of GABA^ receptor allows the expression of a vast 

number of structurally unique GABA^ receptor subtypes with distinct
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electrophysiological and pharmacological properties (Sieghart, 1995). The dominant 

GABAŷ  receptor seems to be a pentamer of subunits (Nayeem et al., 1994), although 

minor population composed of four subunits may also be found (Kardos, 1999). The 

exact subunit stoichiometry within a functional GABAy  ̂receptor in the brain is still 

unknown, but results from immunocytochemical studies indicate that majority of the 

GABAy  ̂receptors present in the brain consist of either two a, two P and one y or one 

Ô subunit (Sieghart et al., 1999; Kardos, 1999) or two OL, one P and two y subunits 

(Davies et al., 1998). Homo-oligomeric GABAŷ  receptors composed of a, p, y, ô, €, 
and 7t subunits have not been identified in the brain but homo- and hetro-oligomeric 

receptors formed from the p subunits have been identified (Enz and Cutting, 1999; 

Sieghart et al., 1999). Approximately 98% of subunit containing GABAy  ̂receptors 

in the brain exist in combination with P1.3 and y 1.3 or Ô subunits (Sieghart et al, 1999). 

This is in contrast with the 50% of the «4 subunits which do not contain the y 1.3 or the 

Ô subunits but exist with P1.3 only (Sieghart et al., 1999). The largest population of 

subunit composition in a rat brain, particularly on the cortical intemeurones, is the 

^ ip 2Y2 subunit combination. The other two major populations are the CC2P3y2 and the 

^̂ 3p Y2/3 subtypes. The 0C3py 2 is found predominantly in the cerebral cortex (McKeman 

and Whiting, 1996). The different receptor subtypes found in the rat adult brain are 

summarised in table 1.1.

1.4.5 Postsynaptic clustering of GABAŷ  receptors

Majority of the GABAy  ̂receptors mediating fast inhibitory neurotransmission in the 

brain are localized at synapses. As previously discussed, most GABAy  ̂receptors are 

composed of aP y  subunit composition (McKeman and Whiting, 1996). At the 

neuronal surface, y 2 subunit and a clustering protein gephyrin, has shown to be 

involved in the postsynaptic clustering and localisation of GABAy  ̂receptors (Betz, 

1998). Studies on the cortical neurons taken from the y 2-subunit deficient mice showed 

a lack of gephyrin clusters as well as a loss of GAB Aergic function at the postsynaptic
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sites. Furthermore, a reduction in the postsynaptic accumulation of GABAy  ̂receptors 

was reported in gephyrin-deficient mice (Kneussel et a l, 1999) and in hippocampal 

neurons depleted of gephyrin by antisense oligonulceotide (Essrich et al., 1998). One 

other protein, rapsyn, has also been reported to be involved in the clustering of some 

GAB A^ receptors at the postsynaptic sites (Yang et a l, 1997). A linker protein such as 

the GABARAP (GABAy^-receptor associated protein) may also be necessary for the 

formation of GABAy  ̂receptor complex containing gephyrin since a direct interaction 

of GABARAP with the y  2 subunit has been demonstrated recently (W ang et al., 1999). 

This complex probably stabilises GABAy  ̂ receptors at the postsynaptic membrane 

against intracellular degradation by preventing clatherin coating, and thus endocytosis 

of these clusters in the plasma membrane (Kneussel et a l, 1999; Barnes, 2000).

1.4.6 Pharmacology of the GABA^ receptor

It is predicted that there are at least 11 different structurally specific sites on the GABAŷ  

receptor. Some of these sites are (1) agonist binding sites which also recognise 

competitive antagonists; (2) picrotoxinin sites; (3) benzodiazepine sites; (4) sedative- 

hypnotic barbiturate sites; (5) neuroactive steroid sites; (6) ethanol sites; (7) propofol 

site; (8) site for Zn^ ions and (9) loreclezol site (Chebib and Johnston, 2000). Penicillin 

also blocks GAB Aŷ  receptor by preferentially blocking the GAB A-activated open ion 

channel (Shiraishi et al., 1993). The site of action for these compounds are distinct from 

each other. The interaction of some of the sites on GAB Aŷ  receptor are shown in figure

1.2 and is discussed below.
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Figure 1.2: A schematic representation of the GABA^ receptor. The structure 

is shown with the a and y subunits juxtaposed to form the benzodiazepine 

binding site. The (3 subunit is depicted between two other subunits whose 

identity remains unclear. These are most likely an a and a y subunit, although 

the arrangement of the five subunits around the pore is unknown. Binding 

sites for GABA and receptor modulators are assigned to their respective 

subunit where evidence for such exists. It is possible that all subunit might 

have binding sites for barbiturates and steroids, McKeman and Whiting 

(1996).
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1.5 The interaction of GABA with the GABA^ receptor

Fast synaptic inhibition in the mammalian brain is largely mediated by the activation 

of GABAŷ  receptor by opening the chloride ion channel. The GABA binding site can 

be selectively labelled by agonists such as [%-GABA or its analogue [%-muscimol. 

Other agonists of GABAy  ̂receptor include: THIP (4,5,6,7-tetrahydroisoxazolol [5,4- 

c]pyridin-3-ol) and isoguvacine. The two classical GABA antagonists are bicuculline 

and picrotoxin. Bicuculline acts as a direct competitive antagonist of GABA whereas 

picrotoxin acts a non-competitive antagonist at the receptor level (Cooper grab, 1991). 

Other non-competitive antagonists include TBPS (t-butylbicyclophosphorothionate) and 

PTZ (pentylenetetrazol).

Binding assays of GABAŷ  receptors in mammalian brain show high and low affinity 

sites for GABA with values in the nanomolar and micromolar range, respectively 

(Olsen et a l, 1981; Sieghart, 1995). The low affinity binding sites are important for 

channel gating in electrophysiological (Segal and Barker, 1984) and ion flux 

experiments and in potentiating the binding of benzodiazepine ligands at the GABAŷ  

receptor (Karobath et al., 1979; Olsen, 1982). The role of the high affinity binding site 

remains unclear but could play a role in the efficiency of the channel activation (Newell 

et a l, 2000).

1.5.1 Site of action of GABA

The GABA binding sites are thought to be located > . at the

interface between the P and the a  subunits (Smith and Olsen, 1995). From the 

recombinant experiments, expressing different combination of GABAy  ̂ receptor 

subunits, co-expression of a  and P subunit was seen to be required for the low and the 

high affinity state of the GABAy  ̂receptor (Pregenzer et a l, 1993; Zezula et a l, 1996;
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Gorrie et al., 1997). The aminoacid Phe64 of the rat subunit, in the N-terminal 

extracellular domain, seems to be important in the low affinity GABA binding site 

(Sigel et al., 1992), whereas the aminoacid Tyr62 of the p-subunit was reported to be 

an important determinant of high affinity GABA and muscimol binding (Newell et al., 

2000).

1.6 The interaction of benzodiazepines with GABA^ receptor

The benzodiazepine binding site on the GABA^ receptor has been extensively 

characterised. Benzodiazepines (BZs) are a clinically important class of compounds 

which allosterically modulate the actions of GABA on the GABAy  ̂ receptor. BZ 

agonists act by increasing the probability of Cl" channel opening in response to GABA. 

Some compounds that act at the BZ site are: classic BZs (diazepam, flunitrazepam, 

clonazepam), p-carbolines, and imidazopyridines (such as zolpidem) (Whiting et al., 

1995). BZ have a distinct binding site from GABA, and the two sites allosterically 

modulate each other. The binding of classic BZ, [^H]-flunitrazepam, to brain 

membranes can be stimulated by muscimol and this stimulation can be inhibited by 

bicuculline. In addition to full agonists (e.g. flunitrazepam), there are partial inverse 

agonists (e.g. Ro 15-4513) which decrease channel function. BZ antagonists (e.g. 

flumazenil Ro 15-1788) block the effect of both agonists and inverse agonists (Sieghart, 

1995; Smith and Olsen, 1995). The binding domains for agonists, partial inverse 

agonists and antagonists partially overlap with each other and do not totally coincide 

(Wong and Skolnick, 1992; Davies et al., 1998; Dunn et al., 1999).

Early studies on the binding assays of classic BZs (e.g. diazepam, flunitrazepam and 

clonazepam) revealed a single, saturable, high affinity BZ site at the GABA^ receptor 

(Braestrup and Squires, 1978; Mohler and Okada, 1977; Squires and Braestrup, 1977). 

However, experiments employing site directed mutagenesis, have indicated that 

GABAa receptor may carry both a high-affmity and a low-affinity site for
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benzodiazepine agonists (Im et a l, 1993; Amin et al., 1997; Dunn et a l, 1999). The 

significance of the lower-affinity BZ site or sites is not yet known. The binding of BZ 

agonists to the GABA^ receptor exhibit temperature dependence; the apparent affinity 

for the BZ ligands significantly reduces with increasing binding assay temperature 

(Squires et a l, 1979; Speth et a l, 1979; Quast et a l, 1982; Yang and Olsen, 1987; 

Prince and Simmonds, 1992a).

1.6.1 BZ receptors

The pharmacology of the BZ site is defined by the type of CC and y  subunit present in 

the receptor. The P subunit does not significantly influence the benzodiazepine site of 

the GABA^ receptor (Hadingham et a l, 1993a). The a  subunit contributes a major 

component of the BZ-binding site and depending on the subtype, can confer either BZ 

I or BZ n  receptor pharmacology on the GAB A^ receptor. The presence of a y subunit 

is essential for normal modulatory actions of BZs on the GABA^ receptor (Zezula and 

Sieghart, 1991; Pritchett et al., 1989a and Pritchett et al,, 1989b). In recombinant 

studies, transfection of human embryonic kidney (HEK) 293 cells with various 

combination of rat P3, or y 2 subunits produced receptors that had the binding sites

for [^H]-FNZ on or OC1P3Y2 subunits containing receptors (Slany et al., 1995;

Zezula eta l, 1996). The stable expression of bovine CL̂, pi and Yzr subunits of GABA^ 

receptors in mouse fibroblasts also produced receptors that had the same 

benzodiazepine pharmacology as the native BZ-GABA^ receptors (Home et al., 1992; 

Hadingham et al., 1992). The Yi receptors displays a reduced affinity for most of the 

BZ positive agonists except flunitrazepam, and makes p-carbolines an agonist at the Yi 

containing receptors. Ro 15-1788 binds much more weakly when Yi is present and 

changes from an antagonist to an agonist (Bamard era/., 1998; Mehta and Ticku, 1999).
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1.6.2 Pharmacology of BZ I and BZ II receptors

Receptors containing the subunit mimic BZ I pharmacology and have a high affinity 

for compounds such as CL 218 872, zolpidem and the P-carbolines. Receptors 

containing the and CĈ subunit mimic BZ II pharmacology and have a low affinity 

for these compounds. The CĈ subunit, however, lack affinity for zolpidem (Pritchett and 

Seeburg, 1990) and have a high affinity for the inverse agonist Ro 15-4513 (Mehta and 

Shank, 1995). Classic BZs have a low affinity at the and subunit containing 

receptors whereas Ro 15-4513 act as a partial agonist in these receptors (Haddingham 

etal.,, 1996; McKeman and Whiting, 1996). Similarly, Ro 15-1788 an antagonist at the 

containing receptors, also behaves as a partial agonist at the a^-containing receptors 

(Haddingham et al., 1996). BZ I receptors are present predominantly in the cerebellum 

but are scarce in the hippocampus, whereas BZ II receptors are expressed in abundance 

in the hippocampus and are almost absent in the cerebellum. However, both BZ I and 

BZ n  receptors are equally expressed in cerebral cortex (McKeman and Whiting, 1996; 

Mehta and Ticku, 1999).

1.6.3 Site of action for benzodiazepines

Molecular biological studies have suggested that specific regions of both the a  and y 

subunits are important for recognition of BZs and related ligands. Studies using site- 

directed mutagenesis have shown that His 101 (or Hisl02 in human), Gly200 (or 

Gly201 in human), Tyrl59 and Tyr209 amino residues of the rat a- subunits are 

associated with the BZ binding site (Pritchett and Seeburg, 1991; Amin et al., 1997; 

Rudolph et al., 1999; Dunn et al., 1999). The His residue is present in the a^, ttj, CC3 and 

subunits that confer agonist sensitivity but is absent in the and ttg subunits. ' 

ArglOO replaces the His residue in the and subunit of the human/rat 

GABAa receptors, thus making these receptors insensitive to classic BZs such as 

diazepam, flunitrazepam and clonazepam. Moreover, the residue His 102 of bovine or
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human subunit appears to be the major site of photoincorporation of [^H]-FNZ 

(Duncalfe et a l, 1996; McKeman et a l, 1998). From the mutagenesis studies, 

substitution of HislOl by arginine in (%2, (X3 and CĈ subunits produced receptors that 

were insensitive to diazepam, without having any change in the GABA sensitivity or 

function (Wieland et al., 1992; Benson et al., 1998). The same substitution resulted in 

Ro 15-4513 becoming an agonist at these receptors (Benson et al., 1998). Other 

mutations at the HislOl residue greatly affected the efficacy for both Ro 15-4513 and 

Ro 15-1788 (Davies et al., 1998; Dunn et al., 1999). Hence the Histidine residue of the 

CCi subunit plays a cmcial role in determining both the benzodiazepine agonist affinity 

and efficacy. The aminoacid residue Phe77, Met 130 and Thrl42 of the Y2 subunit has 

also shown importance for the BZ binding (Smith and Olsen, 1995; Wingrove et al., 

1997; Buhr et al., 1997). Taken together, these studies suggest that the BZ binding site 

is located at the interface of the OL- and y-subunits of the GABA^ receptor.

1.7 The interaction of steroids with the GABA^ receptor

Neuroactive steroids are a novel class of allosteric modulators of the GAB A^ receptor. 

This was first demonstrated by a synthetic anaesthetic alphaxalone, which when applied 

to rat cuneate nucleus slices potentiated GABA and also enhanced the binding of [% - 

muscimol to rat brain membranes (Harrison and Simmonds, 1984). Since then a number 

of structurally related endogenous steroids have shown to mimic the same effect as 

alphaxalone. These steroids that are synthesised in the brain, now termed neurosteroids, 

are the reduced metabolite of endogenous progesterone and deoxycorticosterone. 

Neurosteroids alter the excitability of G AB A^ receptors in the CNS and thus differ from 

steroid hormones that regulate the gene transcription through interactions with 

intracellular receptors (Gasior et al., 1999). These compounds demonstrate 

anticonvulsant and anti-epileptogenic properties. Effectiveness has also been reported 

in pre-clinical models of anxiety, insomnia, migraine and drug dependence (for review 

see Gasior et al., 1999).
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1.7.1 Neurosteroids

The 3a-hydroxylated, 5CC- or 5 p-reduced metabolites of endogenous progesterone and 

deoxycorticosterone acting at the GABA^ receptor are the well characterised 

neurosteroids studied. These metabolites, at low sub-micromolar concentrations, 

enhance GABA-stimulated chloride conductance by increasing both the frequency 

(benzodiazepine-like effect) and the duration of chloride channel opening (barbiturate

like effect) (Paul and Purdy, 1992; Sieghart, 1995). At higher micromolar 

concentrations, in the absence of GABA, these compounds directly open the GABA-Cl 

channel that could then be inhibited by bicuculline (Majewska, 1992; Callachan et al,, 

1987).

1.7.2 Synthesis of endogenous neurosteroids

Steroid synthesis first requires the translocation of cholesterol from the outer to inner 

mitochondrial membranes in the brain. This is mainly influenced by a heterooligomeric 

protein that is located on the outer membrane of the mitochondria. Conversion of 

cholesterol to pregnenalone then requires the enzyme Cyt P450, a side-chain cleavage, 

which is located on the inner mitochondrial membrane. 3P-hydroxy-A^-steroid 

dehydrogenase isomerase enzyme then converts pregnenalone to progesterone which 

again undergoes enzymatic reaction to yield active metabolites of progesterone in the 

CNS (Lambert et a l, 1995). A summary of the synthesis of the metabolites of 

progesterone is shown in figure 1.3.
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Figure 1.3: Putative synthetic pathway for local neurosteroid synthesis in the central 

nervous system. The writing in bold in the boxes represents neurosteroids that have 

modulatory action on the GABA^ receptor. Modified from Lambert et al., 1995.

Androsterone5a-A i^nanek3^ dione

5a-fti^nan-3a-d-20-cne
AUopregnanolone

5P-Regnan-3a-ol-20<]oe
Pregnanolone

5a-Ri^nan-3a^l-did-20-cne
Motetrahydrodeoxycorticostercne

Page 45



Chapter 1: General Introduction

1.7.3 Active neurosteroids

Some of the major 3a-hydroxy metabolites of progesterone, acting as positive 

modulators at the GABA^ receptor, include allopregnanolone (5 a-Pregnan-3 OC-ol-20- 

one), pregnanolone (5P-Pregnan-3a-ol-20-one) and androsterone (5a-Androstan-3a-ol- 

17-one). In radioligand binding studies, these compounds have shown to allosterically 

enhance the [%-FNZ and [%-muscimol binding and inhibit the [^^S]-TBPS binding 

(Gee at el., 1988b; Majewska et al., 1986; Peters et al., 1988). Although, 

epipregnanolone (5 |3-pregnan-3 P-ol-20-one), another metabolite of progesterone, has 

shown to antagonise the potentiating effect of pregnanolone and alphaxalone on [^H]- 

FNZ binding at the GABÂ  ̂ receptor (Prince and Simmonds, 1993). In addition to 

positive steroids, there are also steroids that act as negative modulators at the GABA^ 

receptors. The natural sulphate esters of pregnenolone and dehydoepiandrosterone 

(DHEA), PS and DHEAS respectively, non-competitively antagonise the GABA- 

induced Cl currents and thus exhibit excitatory action on neurons (Majewska and 

Schwartz, 1987; Majewska et al., 1988; Demirgôren et al., 1991, Majewska et al., 

1990a; Majewska et al., 1990b). Whilst DHEAS primarily acts as an antagonist at the 

GABA^ receptor, PS exhibit mixed GABA-agonistic and antagonistic features 

(Majewska and Schwartz, 1987).

1.7.4 Structure-activity relationship of neurosteroids

The interaction of neurosteroids with the GABAy  ̂receptor protein suggests structure 

activity relationship. These structural features of the neurosteroids are:

• The 3-hydroxy group must be in the a-configuration for potent modulation of 

the receptor complex. A 3P-hydroxyl group or 3-keto group results in little or 

no activity. The 3a-configuration may be required for the correct alignment of
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the hydroxy group with a hydrogen bond accepting group located in the binding 

site of the GABA^ receptor.

• A keto group is required in the 20 position of the pregnane steroid side chain or 

C l7 position of the androstane ring system. The 20-keto function is thought to 

contribute to the high receptor potency by interacting with a hydrogen bond 

donated by the binding site of the GABA^ receptor. However, the reduction of 

the 20-keto group will result in partial agonist activity.

• The position C l7 of the side chain pregnane steroids must be in p-configuration 

to maintain GABA potentiating activity.

• The configuration at the 5 position has little effect on the potency of these 

pregnane steroids that have only 3a-hydroxy and a 20-keto substituents. 

However 5P configuration becomes less potent than 5a-configuration when 11- 

keto or unesterified 21-hydroxy group is present. The 5 position group of the 

steroids affects the shape of the steroid.

• A saturated ring system no longer appears to be an absolute requirement for 

neurosteroids activity.

• It is possible to confer water solubility upon pregnane steroids by the 

introduction of a 2p-morpholinyl moiety (ORG20599) without substantial loss 

of GABA^ receptor activity. The development of such compounds may act as 

potential therapeutic agents and as intravenous general anaesthetic.

• Potentiation of GABA-mediated currents and the gating of the GAB Â  ̂channel 

by neurosteroids is enantioselective, with the (+)-enantiomers of the pregnane 

steroids exhibiting greater potency than the (-)-enantiomers.

(Hawkinson et al., 1998; Harrison et al., 1987; Wittmer et al., 1996; Lambert et al.,

1995).
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1.7.5 Distinct binding sites for neurosteroids

The highly lipophilic nature of the neurosteroids initially raised the possibility that there 

may not be any specific binding sites for steroids and the interaction between the 

neurosteroids and the GABA^ receptor may arise as consequence of the interaction 

between the steroids and the lipid membrane (Harrison et a l, 1987). However, if their 

action does involve the non-specific interaction with the membrane lipids then both 

intracellular and extracellular applied steroid would be effective as modulator of 

GABA^ receptor. As it turned out, intracellular application of some steroids, at 

micromolar concentration, via the patch clamp technique failed to activate the GABA 

receptor-mediated currents (Lambert et a l, 1990). This was taken as evidence that the 

site of action for the neurosteroids is on the extracellular part of the GAB A^ receptor. 

Recently, it was specifically suggested that neurosteroid act on the N-terminal side of 

the middle of TM2 region of the GABAy  ̂receptor (Rick et ah, 1998).

Radioligand and electrophysiological studies further presented the evidence that 

neurosteroids act at distinct site from the benzodiazepine and the barbiturate site. 

Combination of steroids and barbiturates gave synergistic but non-additive effects on 

the inhibition of [^^S]-TBPS binding and on the enhancement of [^H]-FNZ and [^H]- 

muscimol binding (Tumer era/., 1989; Gee are/., 1988b; Majewska era/., 1986; Peters 

et a/., 1988). The effect of temperature on the modulation of the GABA^ receptor by 

barbiturates and steroids provided further evidence that steroids and barbiturates interact 

with the GABAa receptor through different binding sites (Yau et a/., 1990). 

Electrophysiological studies confirmed the site of action of steroids to be distinct from 

BZ site since Ro 15-1788 (flumazenil), a BZ antagonist, failed to alter the ability of 

neurosteroids to potentiate GABA receptor mediated %1' uptake (Morrow etal., 1990).
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1.7.6 Multiple neurosteroid binding sites

Neurosteroid potentiation of GABAŷ  receptor from radio-ligand binding assays, Cl flux 

assays in native membranes and GABA evoked Cl' currents in recombinant cells 

suggest the existence of multiple classes of steroid recognition sites or conformational 

states linked to GABA^ receptor (Puia et ah, 1990; Morrow et a l, 1990; Hawkinson et 

al., 1994). In addition, the effects of combination of steroids upon the binding of p^S]- 

TBPS and [^H]-FNZ also suggested the presence of multiple recognition sites for 

neurosteroids (Prince and Simmonds, 1993). A marked regional variation in brain of 

steroidal modulation of GABA^ receptor has been reported (Jussofie, 1993; Gee et al., 

1988a; Schmid et al., 1998). This was explained by heterogeneity of subunit 

composition of GAB A^ receptor expressed in different part of brain possessing different 

affinities towards various neurosteroids.

1.7.7 Subunit specificity for neurosteroids

Compared to the clear influence of different subunit composition upon the effects of 

benzodiazepines at GABAy  ̂receptor, neurosteroids interacting with a specific subunit 

composition of GABAŷ  receptor seems to be confusing.

Electrophysiological studies performed in Human Embryonic Kidney (HEK) 

cells, expressing CCiPjY2» OCiPi or pj subunit isoforms of GABAy  ̂ receptor, 

showed no subunit specificity for neurosteroids (Puia et al., 1990). In addition, 

the presence of different subtypes of P subunit did not influence the affinity nor 

the efficacy of neurosteroids potentiation of GABA-evoked currents 

(Hadingham e ta l, 1993b).

Electrophysiological studies investigating the role of a-subunit, showed no 

differential interaction between OC1P1Y2» O^sPiYz r̂ tX5piY2 subunit isoforms and
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neurosteroids in HEK cells (Puia et a l, 1993). In contrast, the potentiation of 

G AB A-evoked currents by allopregnanolone in Xenopus oocytes was greater for 

cells containing the subunit than the OLj or OC3 subunits, when co-expressed 

with either P, or Pj Y2 subunits (Shingai et al., 1991). However, in a more recent 

study, allopregnanolone potentiation of G ABA evoked currents in the same 

recombinant cell type was seen to be greater in the (X2P1Y2L subtype than the 

OCiPiYzL or Pi Y2L subtype of GABA^ receptors (Maitra and Reynolds, 1999). In 

contrast to the two former studies, allopregnanolone enhancement of [^H]-FNZ 

binding was preferred in (X3P1Y2 than the Pi Y2 receptor complexes (Lan et al,

1991). Other subunit combination containing the Ct̂ pi Y2 receptor complex was 

demonstrated to be less sensitive to allopregnanolone in electrophysiological 

studies (Puia et a l, 1993), but this result was not reproducible in radioligand 

binding experiments (Korpi and Liiddens, 1993).

Unlike benzodiazepines, neurosteroid modulation of GABA^ receptor does not 

depend on the Y-subunit (Puia et al, 1990). However, the presence of Yi 

subunit over Y2 and Y3 subunit when coexpressed with CLi and pi subunits 

greatly enhances the sensitivity to neurosteroid potentiation (Puia et al, 1993). 

In contrast to this study, allopregnanolone potentiation of G ABA evoked 

currents was seen to be greater in OC1P1Y3 subtype than the OC1P1Y2L or OCipj Yi 

subtypes. However, alphaxalone enhancement of GAB A evoked currents in the 

same study was seen to be greater in the OC1P1Y3 and OCiPiYi subtype than the 

OC1P1Y2L receptor subtype (Maitra and Reynolds, 1999).

The presence of Ô and €-subunits in a receptor complex has shown to inhibit the 

neurosteroid modulation at the GABA^ receptor (Zhu et a l, 1996; Mehta and 

Ticku, 1999).
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Thus, it appears that heteromeric assembly of different GABA^ receptor isoforms 

containing different subunit subtypes results in multiple steroid recognition sites on 

G ABA receptors which in turn produces distinctly different modulatory interactions 

between neuroactive steroids acting at the GABA^ receptor.

1.8 The interaction of propofol with the GABA^ receptor

Propofol (2,6-di-isopropylphenol) is a commonly used intravenous general anaesthetic 

that has anxiolytic, anticonvulsant and hypnotic properties. Its actions is exerted 

through the GABA^ receptor and glycine receptor complex. At low concentrations, it 

increases the probability of channel opening and thus potentiates G ABA activated 

currents. At higher concentrations, it directly activates the GABAy  ̂ receptor by 

increasing the chloride conductance of the cell membrane in a bicuculline sensitive 

manner (Hales and Lambert, 1991). Propofol has shown to allosterically inhibit the 

[^^S]-TBPS binding as well as enhancing the [^H]-GABA, [̂ H] muscimol, and [^H]- 

Fr^Xbinding (Concas et al., 1991; Prince and Simmonds, 1992b; Davies etal., 1998; 

Bruner and Reynolds, 1998). The binding site for propofol is distinct from the binding 

sites of barbiturates, neuroactive steroids, and G ABA agonists (Concas et al., 1991; 

Prince and Simmonds, 1992b; Sieghart, 1995). It also appears to bind to a site different 

from the benzodiazepine site since its potentiating effects were not inhibited by the 

benzodiazepine receptor antagonist Ro 15-1788 (Concas et al., 1991; Peduto et al., 

1991).

1.9 Membrane lipids affect the function of the GABA^ receptor

The GABA^ receptor can be effectively solubilised and reconstituted into lipids, 

although maintaining the pharmacological properties of the G ABA receptor shows a 

crucial dependence on the detergent used and the quantity and structure of the lipids 

present during the process (Hammond and Martin, 1987; Bristow and Martin, 1987).
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From these experiments it appears that the GAB A binding site and the modulatory 

actions of benzodiazepines are quite robust but the modulatory action of barbiturates 

is rather labile (Stephenson and Olsen, 1982). Reconstitution of the GABA^ receptor 

in a functional state appears to be dependent on the lipid composition of the 

reconstituted membrane. Since solubilising the GABA^ protein using CHAPS (3-[(3- 

cholamidopropyl)-dimethylammonio] 1 -propanesulphonate) with its functional 

properties, required the presence of rat brain lipids supplemented with cholesteryl 

hemisuccinate (Bristow and Martin 1990). Rat brain lipids were also reported to be 

superior over asolectin, which contained no cholesterol, for the preservation of 

barbiturate modulation of GABA^ receptor (Hammond and Martin, 1986; Dunn et at., 

1989). Some other membrane lipids such as phosphatidylserine, facilitated the [^H]- 

flunitrazepam (FN% binding to rat cerebral synaptic membranes and CHAPS- 

solubilised preparations (Hammond and Martin, 1987). It also inhibited the facilitation 

of [% -  binding by G ABA or cartazolate. The same effect was not seen by 

asolectin. The work by Bennett and Simmonds (1996) and Schleper et a i, (1998) on rat 

synaptic membranes, showed that cholesterol enrichment affects the modulation of 

[^H]-FKZbinding by pregnanolone and propofol. The recent report by Sooksawate and 

Simmonds (1998) also demonstrated that cholesterol enrichment in hippocampal 

neurons reduced the potentiation of GABA^ currents by certain neuroactive steroids; 

pregnanolone, allopregnanolone and alphaxalone. Thus, from these studies it appears 

that cholesterol is important for normal functioning of the GABA^ receptor.
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2.0 Aims and objectives

This project is a follow-up to the work of Dr. P. Bennett who presented in his thesis that 

cholesterol affects the functional properties of the GABA^ receptor. Thus, this PhD 

thesis will be aimed to investigate further the effects of membrane cholesterol on [^H]- 

flunitrazepam binding to GAB A^ receptor in membrane fragments taken from adult rat 

cerebral cortex. Cortical membrane fragments contain both the benzodiazepine I and 

n  receptors associated with the GAB A^ receptor. The modulation of [^H]-FNZ binding, 

an agonist at the benzodiazepine site, is a convenient measure for the interactions 

between the various modulators of the GAB A^ receptor, since the benzodiazepine sites 

are allosterically coupled to the various modulatory sites on the GABA^ receptor.

Protocols will be developed and investigated to allow substantial membrane cholesterol 

enrichment and cholesterol depletion in cortical membrane. The interaction of 

cholesterol with the neuroactive steroid site and the other modulatory site on the 

GABAa receptor will be investigated by studying the effects of neurosteroids 

(allopregnanolone, pregnanolone and alphaxalone) and propofol in cholesterol enriched 

and cholesterol depleted membranes. In addition, the effects of cholesterol will be 

studied on a population of receptors constructed from known subunits of GABA^ 

receptor in recombinant cell line.
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2.1 Materials and Methods

Membranes

2.1.1 Cortical Membrane Preparation

Membranes were prepared from the cerebral cortex of male Wistar rats (250-300g) 

obtained in-house. Rats were killed by decapitation with prior stunning and their brains 

rapidly removed and placed in saline solution on ice. Cortex was dissected from the 

whole brain and membranes were obtained by the method of Zukin et a l, (1974) and 

Prince and Simmonds (1992a). The tissue was homogenised in 0.32M sucrose (at pH

7.4) with an Ultra-Turrax T-25 homogeniser, then with 8 strokes of a Teflon 

homogeniser. The homogenate was centrifuged at 1520g at 4°C for 10 min to pellet any 

debris and unbroken cells using Beckman J2-21 M/E centrifuge, UK. The supernatant 

was then collected and centrifuged at 31000g for 20 min. The resulting mitochondrial 

pellet contained myelin fragments, nerve endings, synaptic vesicles and free 

mitochondria. This pellet was resuspended in 20 ml distilled H2O and incubated for 30 

min on ice to rupture the nerve endings by osmotic shock, thereby releasing the enclosed 

components such as mitochondria and synaptic vesicles. This suspension was 

centrifuged at 12900g for 20 min and the buffy coat was resuspended in the supernatant 

to separate it from the mitochondrial pellet below. The suspended buffy coat was then 

centrifuged at 48400g for 20 min to form a pellet of synaptic membranes and the 

supernatant contained synaptic vesicles. The pellet was resuspended in distilled water 

and this washing step was repeated a further three times, with the final centrifugation 

being carried out in ice cold wash buffer (5mM Tris-HCl, ImM EDTA, pH 7.4 at 4°C). 

The final pellet was resuspended in ice-cold wash buffer and stored at -20°C until 

required. A protein assay was carried out at this time.
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2.1.2 Fibroblast Culture

The mouse fibroblast cells were the kind gift of Dr. P. Whiting, (Neuroscience Research 

Centre, Merck, Sharp & Dhome Research Laboratories). The cells had been transfected 

with human cDNA’s encoding for P3 and Y2L subunits, sub-cloned into the pMSGneo

vector. The vector selected was geniticin resistance and contained the dexamethasone 

inducible mouse mammary tumor virus promoter (MMTV) as described previously 

(Whiting et a l, 1991; Haddingham et a l, 1992). Fibroblast cells were maintained by 

using a modification of the method of Haddingham et a l, (1992). Cells were cultured 

in Dublecco’s modified Eagle’s medium (DMEM) supplemented with 5% Foetal Bovine 

Serum (FES), penicillin (lOOU/ml), Streptomycin (0.1 mg/ml) and glutamine (0.2 

mg/ml) in an atmosphere of 95% air and 5% CO2 at 37°C. The cell line was initially 

maintained in medium containing Geneticin (2 mg/ml) but was subsequently cultured 

in normal growth medium and incubated only every 3-4 weeks in medium containing 

Geneticin. In the stably transfected fibroblasts, a dexamethasone-sensitive promoter, as 

described above, controlled the expression of receptor mRNAs. To induce this 

expression of human GABA^ receptor, the cells were treated with dexamethasone (10 

mM stock dissolved in 100% ethanol) at a final concentration of l|iM  for 1-3 days after 

plating for 5-7 days.

Fibrobast Membrane preparation

Fibroblasts (in groups of 10-15 flasks) were grown until they reached 

confluence. Cells were washed twice at room temperature with Hanks’ Balanced 

Salt Solution (HBSS), harvested by scraping into DMEM, homogenised at slow 

speed (Ultra-Turrax T-25 homogeniser) and then pelleted at l,500g for 10 min. 

The final pellet was resuspended in distilled water and incubated for 30 min on 

ice to lyse the cells and thereby releasing the enclosed components such as 

mitochondria and any enclosed membrane fragments. This suspension was 

centrifuged at 48400g for 20 min at 4°C followed by resuspension in distilled 

water. This washing step was repeated twice, with the final centrifugation being
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carried out in ice cold wash buffer. Membranes were stored at -20°C in cold 

wash buffer until binding assays were performed. A protein assay was carried 

out at this time.

2.1.3 Standard protein assay

Protein assay was carried out using Bio-Rad Protein assay kit consisting of a Dye 

Reagent concentrate (Coomassie brilliant blue G-250 dye) and lyophilised preparation 

of bovine plasma albumin (BS A). For the standard assay, the dye reagent was diluted 

1/5 fold with high quality distilled or deionized water prior to use. Several dilutions of 

protein standard (BS A) containing concentration from 0-0.2 mg/ml were also prepared. 

Standard samples were prepared according to table 2.1. Once samples were prepared, 

each tube was shaken and the OD595 versus reagent blank was measured using the Cecil 

CE505 Spectrophotometer. Measurements were made using Icm-path length cuvettes, 

which were able to fit in the spectrophotometer. The standard curve (OD595 versus 

concentration of standards) was plotted (figure 2.1) and the unknowns could then be 

measured.

Table 2.1: Protocol for standard protein assay using the Bio-Rad Protein assay kit.

Standard BSA concentration 

(M-g/|il)

0 0.01 0.02 0.05 0.1 0.2

Volume of BSA used (pi) 0 5 10 25 50 100

Distilled water (pi) 100 95 90 75 50 0

Bio-Rad dye reagent (ml) 5 5 5 5 5 5

Samples were made in triplicate and the absorbances were measured at 595nm using the 

Cecil CE505 Spectrophotometer.
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Figure 2.1: A protein standard curve obtained using Bio-Rad Protein 

assay kit. Absorbances were measured using the Cecil CE505 

Spectrophotometer. The data points show the mean of 3 readings ± s.e. 

mean with the error bars lying within the symbols.
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Cholesterol

2.1.4 Preparation of Cholesterol-Methyl-P-cyclodextrin inclusion complex

Methyl-P-cyclodextrin was dissolved in Physiological Salt Solution (PSS, 140mM 

NaCl,4.7mM KCl, 2.5 mM CaClj, 1.2 mMMgCl2, 1 ImM Glucose, 10 mM HEPES, pH

7.4 with Tris base ) at a concentration of 300mM. 3mM cholesterol was then added to 

30mM methyl-P-cyclodextrin in PSS to make a final concentration of 3mM methyl-P- 

cyclodextrin and 0.3mM cholesterol. The mixture was overlaid with nitrogen in an 

airtight glass bottle at room temperature until there was a complete dissolution of the 

initially precipitating cholesterol, about 6 hr. The clear solution represented a stable 

cholesterol-methyl-P-cyclodextrin complex. The solution was then filtered through a 

0.22 pm Millipore filter (Millipore, UK). The complex was overlaid with nitrogen and 

at 4°C for up to 4 days.

2.1.5 Preparation of Sterol-methyl-p-Cyclodextrin inclusion complex

Sterols (Epicholesterol, Coprostanol and Epicoprostanol) were complexed with methyl- 

P-cyclodextrin as described above for cholesterol-methyl-p-cyclodextrin complex. 

Some of the sterols required a longer time for complete dissolution and therefore the 

mixture was stirred for about 24hr.

2.1.6 Liposomes preparation

Liposomes were prepared by a modified version of North & Fleischer’s method (1983) 

as described below. Phosphatidylcholine (PC) and cholesterol (0.75 mg of each per ml 

of buffer added) were dissolved in 3.0 ml of chloroform. The chloroform was evaporated 

under a stream of nitrogen to leave a thin film of lipids and prevent their oxidation. PSS 

was added and the lipids were allowed to hydrate for Ih at room temperature. The lipids

Page 59



Chapter 2: Materials and Methods

were then dispersed with a Branson Sonifier 250 (Branson Ultrasonics, USA) fitted with 

a half inch tip on 80% duty cycle under a stream of nitrogen, whilst incubating on an ice 

bath. Three periods of 4.0 min sonication were carried out at 90W allowing the same 

time in between each sonication for cooling. After sonication the translucent solution 

was centrifuged at 48400g for 20 min at room temperature and the pellet containing 

titanium fragments and undispersed lipids were discarded.

2.1.7 Manipulation of cholesterol in neuronal membranes

Prior to cholesterol manipulation, previously prepared cortical membranes were thawed 

and centrifuged at 48400g for 20 min at 4°C. The final pellet was resuspended in assay 

buffer (50mM Tris, 150mM NaCl, pH 7.4 at 4°C) to give a protein concentration of 

approximately 1.0 mg/ml.

A) Cholesterol enrichment

Cholesterol-methyl-P-cyclodextrin inclusion complex was incubated with one 

half of membrane suspension in assay buffer to give a final concentration of 0.3 

mM cholesterol, at 32°C for 5min to 30 min depending on the level of 

enrichment required. The cholesterol transfer was terminated by centrifugation 

at 48400g for 20 min at 4°C. This was followed by 2 washing step with assay 

buffer to remove the rest of the donor complex. The other half of the membrane 

fragments was subjected to the same incubation procedure but without the 

cholesterol-methyl-p-cyclodextrin complex and was designated as the control 

group.

B) Cholesterol depletion

Membranes were incubated in assay buffer with methyl-p-cyclodextrin solution 

alone at a concentration of 3mM, for 5min to 30 min, as described for the 

cholesterol enriched membranes.

Page 60



Chapter 2: Materials and Methods

C) Cholesterol restoration following depletion

Cortical Membranes were initially incubated in assay buffer containing 3mM 

methyl-P-cyclodextrin at 32°C for 30 min. Centrifugation at 48400g for 20 min 

at 4°C followed by 2 washes of the membranes with assay buffer terminated the 

cholesterol transfer. The pellet was resuspended and the membranes were 

incubated in assay buffer containing cholesterol-methyl-P-cyclodextrin complex 

at a final concentration of 0.3mM cholesterol at 32°C for 30 min. Cholesterol 

transfer was terminated at 48400g for 20 min at 4°C followed by 2 washes of the 

membranes with assay buffer.

2.1.8 Manipulation of Cholesterol in fibroblast membranes

membranes
Fibroblast \vere first thawed and then centrifuged at 48400g for 20 min at 4°C. The 

final pellet was resuspended in assay buffer to give a protein concentration of 

approximately 1.0 mg/ml. Cholesterol enrichment of fibroblast membranes were initially 

achieved with liposomes and later using cholesterol-methyl-P-cyclodextrin inclusion 

complex containing 3mM methyl-p-cyclodextrin and 0.3 mM cholesterol in assay 

buffer, as described for cholesterol enrichment in neuronal membranes. Cholesterol 

depletion was achieved by incubation with 3mM methyl-P-cyclodextrin under the same 

conditions as cholesterol depletion in neuronal membranes.

A) Using liposomes

Enrichment was accomplished by incubating fibroblast membranes (0.4 mg 

protein/ml) in oxygenated PSS with liposomes (1 mg/ml) at 37°C for 1-3 hours. 

1.0% of bovine serum albumin, BSA (final concentration) was added to the 

assay. These membranes were designated as “ cholesterol enriched” membranes. 

Centrifuging at 1500 rpm for 3-5 min at room temperature stopped incubation 

and hence the cholesterol transfer. Membranes were later homogenised using 

Ultra-Turrax T-25 Homogeniser. 10 mis of ice-cold wash buffer was added to
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the homogenate and the mixture was centrifuged at 48400g for 20 min at 4°C. 

The pellet was resuspended in assay buffer for the assay of membrane 

cholesterol (Sigma diagnostic kit) and protein (BioRad reagent). “Control” 

membrane suspensions without the addition of liposomes were also made and 

these were subjected to the same procedure for a comparative purpose.

2.1.9 Standard Sigma cholesterol assay

Introduction

Standard assay was performed using the Sigma Diagnostic Cholesterol kit consisting of 

a cholesterol reagent and a cholesterol calibrator. The reagent was reconstituted with 50 

ml of high quality distilled or deionized water. This assay measured total cholesterol 

enzymatically and was modified from the method of Allain et aL(1974). Cholesterol 

esters were hydrolysed by cholesterol esterase to cholesterol. This and the free 

cholesterol were oxidised by cholesterol oxidase to cholest-4-en-3-one and hydrogen 

peroxide. H2O2 was then coupled with the chromogen, 4-aminoantipyrine and p- 

hydroxybenzenesulfonate in the presence of peroxidase to yield a quinoneimine dye 

which had an absorbance maximum of 500 nm.

Cholesterol Esterase

Cholesterol Esters + HjO Cholesterol + Fatty Acids

Cholesterol Oxidase 

Cholesterol + O; Cholest-4-en-3-one + H2O2

2 H2O2 + 4-Aminoantipyrine + p-Hydroxybenzensulfonate
I Quinoneimine Dye +4H2O
I Peroxidase

Method

For the cholesterol standard curve, a range of concentration from 0 to 0.2 mg/ml was 

made using the 200-mg/dL-cholesterol calibrator. Standard samples were made
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according to table 2.2 . Samples were made and were incubated for 5 minutes at 37°C. 

Absorbances were measured at 500 nm using the Cecil CE505 Spectrophotometer. A 

representative calibration curve is shown in figure 2 .2 .

Table 2.2: A protocol for standard cholesterol assay using the Sigma cholesterol kit.

Standard Cholesterol 

Calibrator (mg/ml)

0 0.005 0.01 0.02 0.05 0.1 0.2

Volume of calibrator 

standards (pi)

10 10 10 10 10 10 10

Cholesterol Reagent 

(ml)

1 1 1 1 1 1 1

Samples were made in triplicate and the absorbances were measured at 500nm using the 

Cecil CE505 Spectrophotometer.
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Figure 2.2: A cholesterol standard curve obtained with Sigma 

Cholesterol assay kit (Sigma, USA) to determine the cholesterol 

content in membranes fragments. The data points shown are the 

mean of cholesterol content measured in triplicate ± s.e. mean

with the error bars lying within the symbols.
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2.1.10 Chemiluminescent Cholesterol assay 

Introduction

This assay is a slight modification on the method described by Chamoin et a l, (1994),

and is a significant improvement on previously available cholesterol assays because it

is sensitive enough to measure cholesterol concentration in small amounts of tissue. The

assay uses Cholesterol Oxidase (COD) to specifically oxidise cholesterol to

cholestenone, and produces hydrogen peroxide as a by-product. Hydrogen peroxide

reacts with luminol in the presence of 1 ....................  And results in the emission
Horse Radish Peroxidase (HR?) 

of light. The luminescence can be easily measured, and is proportional to the quantity

of cholesterol in the sample.

COD
Cholesterol + Cholest-4-en-3-one + Ĥ Ô

HR?

2H2O2 + luminol + OH 3 aminophthalate + N2 +3H2O +hv

COD is specifically for 3p sterols, and requires a double bond in the or position. 

The specificity of this enzyme prevents the occurrence of luminescence by oxidation of 

other steroid compounds that may be present in the sample. For example sodium 

cholate, in which the sample is dissolved, is not oxidised because the hydroxyl group 

is in the CL orientation.

Method

For the cholesterol standard curve using the chemiluminescent assay, it was necessary 

to determine an internal standard curve for each new tissue type that was assayed. Hence 

separate standard assays were achieved for the cortical membrane fragments and 

fibroblast membrane fragments. Internal standards were found by adding known 

amounts of the cholesterol standard solution to the biological sample assayed.
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1 mg biological sample was suspended in 50ml Sodium Cholate (12.5 mM)/0.4 % Triton 

X-lOOsolution and left at room temperature for 30 min, before being sonicated for 10 

min. The mixture was centrifuged at 48400g for 20 min at 4°C and the supernatant was 

carefully collected and diluted 10 folds. This diluted supernatant was used for the assay 

procedure. Standard samples were made in luminometer tubes according to table 2.3, 

and were introduced in the measurement chamber of the chemiluminometer (Lumat 

LB9507).

Internal blank was first achieved by injecting 30[lL of the phosphate buffer (0.1 M, pH

7.5) in the reaction mixture, by the automatic injector driven by the chemiluminometer. 

A 30|iL injection of COD (59.4 units/ml) started the reaction for the internal cholesterol 

standards. Luminescence produced by the enzymatic reaction is proportional to the 

content of the cholesterol present in the sample, and is expressed as Relative Light Units 

(RLUs). Cholesterol content in each sample was obtained by subtracting the internal 

blank value in RLUs from the RLUs obtained for each concentration of cholesterol 

added. The amended RLU value was plotted against cholesterol concentration which 

yielded a straight line standard curve for both cortical membranes (figure 2.3) and 

fibroblast membranes (figure 2.4).
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Table 2.3: A protocol for standard cholesterol assay using the Chemiluminescence 

assay.

Internal cholesterol 
standards (pmol/|ll)

625 500 250 125 62.5

Volume of cholesterol 
standards (|il)

25 25 25 25 25

Biological sample (|il) 25 25 25 25 25

Reaction mixture (|il) 500 500 500 500 500

Standard samples were made in luminometer tubes in triplicates. Measurements were 

taken in the measurement chamber of the chemiluminometer (Lumat LB9507).
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Standard curve for neuronal 
membranes

2OOOOOO1

1500000-

500000-
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Concentration of added cholesterol 
standard (pmol/^1)

Figure 2.3; Standard curve obtained for cortical membranes using the 

chemiluminescent measurement of cholesterol. Internal cholesterol 

standards are prepared by adding a fixed volume of various 

concentrations of cholesterol (62.5-625 pmol/pl standards) to 

membrane fragments. The luminescence (measured as RLUs - Relative 

light units) is easily measured and is proportional to the quantity of 

cholesterol in the sample. For each sample, RLU obtained for each 

cholesterol standard was corrected by subtraction of the blank and the 

corrected RLUs are plotted against standard cholesterol concentration 

to form an assay curve. Cholesterol was measured in 

Chemiluminometer (Lumat LB9507). Values obtained are the mean ± 

s.e.mean for three different experiments performed in quintuplicate. 

Concentration for unknown samples generally started from 300 

pmol/jil of standard cholesterol concentrations.
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Standard curve for FibroUasts
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Figure 2.4: Standard curve obtained for fibroblast membranes using 

the chemiluminescent measurement of cholesterol in 

Chemiluminometer (Lumat LB9507). The luminescence measured in 

RLUs is proportional to the quantity of cholesterol present in the 

sample. Values obtained are the mean ± s.e.mean for three different 

experiments performed in quintuplicate. Concentration for unknown 

samples generally fell in standard cholesterol concentration starting 

from 300 pmol/|il onwards.
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2.1.11 Binding Assays

[^H]-Flunitrazepam (FNZ) binding assay was measured by a modification of Prince and 

Simmonds (1993). On the day of the assay, frozen cortical membranes and fibroblast 

membranes were thawed, centrifuged at 48400g for 20 min, and resuspended in assay 

buffer at a protein concentration of about 1.0 mg/ml. Experiments were performed to 

determine the influence of drugs on [^H]-FNZ binding in control membranes and 

membranes manipulated with cholesterol. lOOjiL aliquots of membranes fragments were 

prepared in total assay volume of 500[lL. Various concentration of [^H]-FNZ were then 

added to the assay medium. The samples were incubated at either room temperature 

(RT-21°C) or 4°C, for 60 min. The reaction was terminated with addition of 2.0 ml ice 

cold wash buffer. Bound radioactivity was separated from free by rapid filtration over 

Whatman GF/F filters using a Brandell Cell Harvester. In addition filters were washed 

twice with 2.0 ml wash buffer, placed in scintillation vials and subjected to 4.0 ml 

scintillation cocktail (Emulsifier safe, Canberra Packard). Radioactivity was determined 

by standard liquid scintillation technique and was measured in a Beckman 5801 liquid 

scintillation counter. Non-specific binding was determined in the presence of 10|iM 

unlabeled flunitrazepam and was in the region of 5-10% of total binding. Specific 

binding was calculated from the difference of total binding and non- specific binding.

Drugs and Chemicals

Sparingly soluble drugs such as flunitrazepam, allopregnanolone, pregnanolone, 

alphaxalone, propofol, Ro 5-4864 andRo 15-1788 were initially dissolved in 5% 

(v/v) acetone (made from absolute acetone dissolved in assay buffer) and were 

then diluted to appropriate concentration using assay buffer. A small 

concentration of acetone, final concentration 0.05% (v/v), was present in all 

sample tubes through out the assay procedure.
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Displacement binding experiments'.

100 |il aliquots of cortical membranes at concentration of 1.0 mg/ml were pre

incubated with various concentration of drugs in assay buffer at 37°C for 10 min. 

FNZ lOjiM was used for non-specific binding and 50|il of [^H]-FNZ was added 

to give a 1 nM concentration in a final volume of 0.5 ml. The samples were 

incubated at RT for 60 min and the binding reaction was terminated as described 

above.

Saturation binding experiments:

Saturation binding experiments with increasing concentration of [^H]-FNZ were 

performed using two different types of experiments. For characterisation of high 

affinity [^H]-FNZ binding sites, 100 |il aliquots of membranes (1.0 mg/ml) were 

incubated with O.l-lOnM or 0.1-21 nM [^H]-FNZ for 60 min at 2TC in the 

presence or absence of the drug investigated in a total assay volume of 0.5 ml. 

Some experiments were also studied at 4°C incubation temperature to compare 

with the experiments of RT. In the case of low affinity binding experiments, 

[^H]-FNZ concentration was further increased to lOOnM. The incubation was 

carried out at RT for 60 min in the presence or absence of the drug in interest. 

10 |lM FNZ was used as a non specific binding displacer for both high and low 

affinity [^H]-FNZ binding experiments. The binding reaction was terminated as 

described above.
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2.1.12 Data Analysis

Equilibrium Dissociation constant {Kĵ ) and the Maximum binding sites for the 

[%-FNZ

were calculated from rectangular hyperbola fitted using non-linear regression:

Y=A*X/(B+X)

where :

Y ranges between zero and the maximum plateau value A 

B is the equilibrium dissociation constant (Xq) 

and X has units of concentration.

Binding parameters were obtained using GraphPad PRISM™ version 3.0 (GraphPad 

Software, USA).

2.1.13 Statistical analysis

Statistical analysis was mostly by the ANOVA + Dunnett test, with P<0.05 taken as 

significant, using the GraphPad InStat™ version 2.0 (GraphPad Software, USA). Data 

were expressed as mean ± standard error of the mean (S.E.M).
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2.1.14 Buffers and Chemicals used

PSS buffer: 140mM NaCl,4.7mM KCl, 2.5 mM CaCl^, 1.2 mM MgCl^, 1 ImM

Glucose, 10 mM HEPES, pH 7.4 with Tris base 

Wash buffer: 5mM Tris-HCl, ImM EDTA, pH 7.4 at 4°C 

Assay buffer: 50mM Tris, 150mM NaCl, pH 7.4 at 4°C

Buffers and solutions used for chemiluminescent assay

O.IM Phosphate buffer (pH 7.5): O.IM NagHPO^ and 0.1 NaH2P04 in the ratio of

1.94:1, pH 7.5.

O.IM Phosphate buffer (pH 8.0): O.IM Na2HP04 and 0.1 NaH^P04 in the ratio of

j Radish
Reaction mixture: 50jil Horsdferoxidase stock (0.5 mg/ml H2O) +

100|il Luminol stock (4.5 mg/5ml Tris HCl 

buffer (0.2M, pH 8.6)) -stirred for 10 min at RT 
in dark^ade in 5ml O.IM phosphate buffer (pH 8.0)

COD: ( 0 .1 M - p H 7 .5 )

All drugs and chemicals were purchased from Sigma (USA) with some exceptions. [^H]- 

FNZ (82.5 Ci mmol ’ specific activity) was obtained from Amersham International. 

Alphaxalone was obtained from Glaxo Group Research (Greenford, UK). Methyl-f- 

cyclodextrin was obtained from Aldrich (UK). Epicholesterol was purchased from 

Steraloids (USA). All the chemicals for cell culture was purchased from GIBCO BRL 

(UK). Bio-Rad protein assay was purchased from BIO-RAD (Germany). Chemicals used 

to make buffers (CsCl, MgCl2, CaCl2 and acetone) were obtained from BDH (Poole, 

UK).
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2.2 Discussion

The purpose of this investigation is to study the effects of membrane cholesterol 

manipulation on [^H]-FNZ binding in neuronal membranes and transfected mouse 

fibroblast membranes. Of particular interest will be the effects of these binding 

properties on the modulatory activities of neurosteroids and propofol. Cholesterol 

manipulation was mainly achieved by methyl-P-cyclodextrin, although liposomes were 

used at some point as a carrier of cholesterol.

2.2.1 [^H]-FNZ binding

A convenient and well-established technique for monitoring interactions 

between various modulators of the GAB receptor is to determine their effects

on [^H]-FNZ binding to the benzodiazepine site. [^H]-FNZ is widely used and 

is available with high specific activity (80-85 Ci/mmol). Flunitrazepam binds 

with much higher affinity to the GABA^ associated central benzodiazepine sites 

than the non-GAB A  ̂associated peripheral benzodiazepine sites (Sieghart et al, 

1992). The benzodiazepine receptors present in the cortical membranes consisted 

mainly of the central type benzodiazepine sites. Cortical membrane fragments 

/prepared in this study /_ slightly modified from the method of Zukin et al, 

(1974). The multiple washing stage involved in the membrane preparation 

allowed removal of G ABA and endogenous GABA inhibitors. Moreover, the 

membranes were washed once more upon thawing so that any endogenous 

GABA and other unknown materials which may affect [^H]-FNZ binding 

released by the freeze-thaw process can be expelled.
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2.2.2 Fibroblasts

In this study, permanent cell expression system was employed to allow defined 

receptor subtypes to be investigated in isolation. Mouse fibroblast cells already 

transfected with human P3 and Y2L GABrecep to r  subtypes were obtained. 

Expression of these subunits were under the control of a steroid, dexamethasone. 

Without the addition of dexamethasone to the transfected cell culture medium, 

there was no expression of GABAy  ̂receptor. This inducible expression system 

allowed cells to be passaged without expression of GABAy  ̂receptor, thereby 

avoiding any potential toxicity problems generated by the introduction of a large 

number of exogenous chloride channels which may be spontaneously opening 

(Haddingham et al., 1992). Fibroblast membranes were prepared in the same 

way as cortical membranes. Cells received osmotic shock at the two distilled 

water washing stage to remove any endogenous G ABA and its inhibitors.

2.2.3 Cholesterol manipulation using methyl-p-cyclodextrin

Neuronal membranes and fibroblast membranes were enriched and depleted with 

cholesterol using methyl-p-cyclodextrin. Many authors have previously 

employed cyclodextrins to monitor the movement of cholesterol through the 

plasma membrane of living cells (Klein et al., 1995; Kilsdonk et al., 1995; 

Neufeld et a l, 1996; and Gimpl et al., 1997). Cyclodextrins are cyclic oligomers 

of glucose that have the capacity to incorporate lipophiles in their hydrophobic 

core (Neufeld et al., 1996). The water soluble cyclodextrins preferentially form 

inclusion complexes with sterols thereby enhancing their solubility in aqueous 

solution. Therefore, cyclodextrins and their derivatives have been used 

extensively as drug delivery vehicles (Kilsdonk et al., 1995). There are three 

general types of cyclodextrins which are distinguished by the number of glucose 

units in their cyclo-oligomers. These are: a= 6, P=7 and y= 8 glucose units
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respectively. Out of the three, P-cycIodextrins have the high affinity and 

specificity for cholesterol and have been shown to selectively extract cholesterol 

from the plasma membrane in preference to other membrane lipids (Klein et al., 

1995). In addition, methyl-P-cyclodextrin forms stable complexes with 

cholesterol and has found to be superior over its counterparts, P-cyclodextrin 

and 2-hydroxypropyl-P-cyclodextrin, in depleting cholesterol from cultured cells 

(Kilsdonk et a i, 1995). In this report, methyl-P-cyclodextrin was used as a 

cholesterol-complexing agent in cortical membranes and fibroblast membranes. 

Cholesterol can be effectively enriched using a complex of cholesterol-methyl- 

P-cyclodextrin and depleted using methyl-P-cyclodextrin alone. The optimal 

level of enrichment and depletion is studied extensively in the next chapter.

2.2.4 Cholesterol analogues

In chapter 8, structural requirements of the cholesterol-receptor interactions on 

[^H]-FNZ binding is studied by pre-incubating neuronal membranes with various 

cholesterol analogues. These analogues are epicholesterol, coprostanol and 

epicoprostanol. All sterols were sparingly soluble in water, but in the presence 

of methyl-p-cyclodextrin, they all yielded water soluble complexes. There was, 

however, no assay method available in this laboratory to determined the level of 

incorporation and reliance was made on the work of Gimpl et a l, (1997). They 

showed that epicholesterol, coprostanol and epicoprostanol can be incorporated 

into the plasma membrane, the degree of incorporation being >100%, 70% and 

84% respectively, compared with cholesterol incorporation.

2.2.5 Cholesterol manipulation using liposomes

Cholesterol enrichment of fibroblast membranes were achieved by incubating 

membranes with liposomes. Liposomes are simple vesicles that are capable of

Page 76



Chapter 2: Materials and Methods

entrapping chemicals and drugs both within their aqueous compartment and 

within their membranes. The membrane is generally composed of lipid 

molecules such as phospholipids. Liposomes were used as cholesterol donors to 

transfer cholesterol to fibroblasts in the presence of a carrier protein, Bovine 

Serum Albumin (BSA). Liposomes were prepared from asolectin as described 

by the method of Bennett and Simmonds (1996). Fibroblasts were incubated 

with liposomes for 1-3 hours in oxygenated PSS medium during the cholesterol 

enrichment procedure, and not the low ionic strength medium generally used for 

neuronal membrane fragments. Before preparing fibroblast membrane 

fragments, fibroblast cells were tested for cell toxicity that might have occurred 

after scraping and pelleting from the culture flask. Approximately 70-90% of the 

fibroblast cells remained viable after treating the cells with trypan blue exclusion 

method.

2.2.6 Chemiluminescence cholesterol assay verses Sigma cholesterol assay

Cholesterol content in neuronal membranes and fibroblast membranes were 

measured by the chemiluminescence assay. The recent availability of this 

sensitive cholesterol assay in this laboratory allowed accurate measurements of 

cholesterol content. Chemiluminescence method of determination of cholesterol 

content has a sensitivity of 54pmol (36ng/ml), compared with the Sigma 

cholesterol assay which has a sensitivity of around 10|ig/ml. Moreover the 

Sigma kit measures cholesterol concentration as the total cholesterol content of 

the sample, including any cholesterol esters that are present. The 

chemiluminescent assay only measures free cholesterol and not cholesterol esters 

present in the membranes. Sensitivity of the assay was also enhanced when 

membranes were solubilised in medium containing sodium cholate and Triton 

X-100 for 30 min. Thereby making this assay more accurate and sensitive.
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3.1 Introduction

Approximately 90% of the total cholesterol content is found in the plasma membrane 

of living cells. Membrane cholesterol had been previously manipulated by incubation 

with liposomes of defined composition (Baldassare et al., 1979; Shapiro et al., 1981; 

Bennett & Simmonds, 1986), non-specific lipid transfer protein (North & Fleisher, 

1983), methyl-p-cyclodextrin or its inclusion complex (Neufeld et al., 1996; Yancey et 

al., 1996; Kilsdonk et al., 1995; Klein et al., 1995; Gimpl et al., 1997), and cholesterol 

oxidase (Gimpl et al., 1997). By employing these methods, membrane cholesterol can 

be altered in cultured cells (Neufeld et al., 1996; Yancey et al., 1996; Kilsdonk et al., 

1995), membrane fragments of living cells (Klein et a l, 1995; Gimpl et al., 1997; 

Bennett & Simonds, 1986) or acutely isolated whole cells (Sooksawate & Simmonds, 

1998).

For this project, liposomes and methyl-P-cyclodextrin and its cholesterol inclusion 

complex were employed to manipulate the membrane cholesterol levels in cortical 

membranes and fibroblast membranes with expressed human GAB receptor subunits. 

Cholesterol enrichment was accomplished by incubating membrane fragments with 

either cholesterol-methyl-P-cyclodextrin inclusion complex or cholesterol- 

phosphatidylcholine liposomes. Cholesterol depletion was achieved by incubating 

membranes with methyl-p-cyclodextrin alone. This chapter investigates the range of 

cholesterol enrichment and depletion in both cortical and fibroblast

membranes.
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3.2 Experimental methods and results

3.2.1 Cholesterol manipulation in cortical membranes with methyl-P- 

cyclodextrin

All the experiments detailed in this chapter, on cholesterol enriched and cholesterol 

depleted membranes, were taken from one batch of cortical membrane fragments. 

Cholesterol enrichment was achieved by incubating membranes with 0.3mM cholesterol 

+ 3mM methyl-p-cyclodextrin inclusion complex and cholesterol depletion was 

obtained by incubation with 3mM methyl-P-cyclodextrin alone. The time course of 

cholesterol enrichment and depletion in cortical membranes was measured over 30 min. 

At each indicated time, 1.0 ml of 1.0 mg/ml membrane suspensions were collected and 

assayed for cholesterol using the chemiluminescent assay. The absolute cholesterol 

levels of the control, cholesterol enriched and cholesterol depleted membranes over 30 

min are statistically analysed in table 3.1.

Cholesterol enrichment

Soon after the start of the incubation, the cholesterol content of membranes 

started to increase rapidly and at around 30min the cholesterol content was about 

201± 5.68 % control (n=5) containing 0.683±0.023 |imol cholesterol.mg'^ 

protein (n=5).

Cholesterol depletion

Just like the cholesterol enrichment, cholesterol depletion was rapid and 

at 30 min incubation period, the cholesterol content was about 46 ± 2.11% 

control (n=5) containing 0.699±0.012 p,mol cholesterol.mg‘* protein (n=5).
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Table 3.1; Membrane cholesterol manipulation in cortical membranes, following 

treatment with cholesterol-methyl-P-cyclodextrin (Ch-MpC) or methyl-P-cyclodextrin 

(MpC), incubated at 32°C for 10-30 min.

Incubation 

time (min)

Cholesterol content in cortical membranes ([Xmol.mg protein'^)

Control Enrichment 

(0.3mM Ch + 3mMMPC)

Depletion

(3mMMPC)

Control 0.697±0.022 (10) 0.683±0.023 (5) 0.699+0.012 (5)

10 0.711±0.020(10) 0.761±0.042 (5) 0.701±0.036 (5)

15 0.701±0.012 (10) 0.827±0.026**(5) 0.671±0.020 (5)

25 0.709±0.028 (10) 1.088±0.037**(5) 0.588±0.029*(5)

30 0.698±0.021 (10) 1.403±0.032**(5) 0.323±0.035**(5)

Number of experiments are shown in parentheses

*P<0.05, **P<0.01 different from its respective control at that time point

ANOVA + Dunnett test.
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3.2.2 Cholesterol manipulation in fibroblast membranes

A single batch of fibroblast membrane fragments was used for all the experiments 

detailed below. Cholesterol enrichment was initially achieved using 50 

phosphatidylcholine (PC):50 Cholesterol liposomes and later carried out using the 

cholesterol-methyl-p-cyclodextrin inclusion complex. Cholesterol depletion in fibroblast 

membranes was only achieved by incubation with methyl-P-cyclodextrin.

1) Liposomes

Fibroblast membranes, with GABA^ receptors already expressed, were incubated with 

50:50 PC/Cholesterol liposomes in PSS in the presence of 1.0% BSA, for 1-3 hours at 

37°C. Control membranes were taken through the same step as cholesterol enrichment 

but in PSS only. The rate of cholesterol enrichment studied at 1,2 and 3 hours is shown 

in figure 3.1. The cholesterol content in the control and cholesterol enriched membranes 

were measured using the Sigma Cholesterol assay kit at each indicated time.

Cholesterol enrichment

The maximum cholesterol enrichment was achieved at 1.0 hr (170% control) 

and this was significant (P<0.05) compared to the control value (figure 3.1). 

Cholesterol content after 2 and 3 hours of incubation was increased by 151% and 

134% control, respectively. The cholesterol content in the control fibroblast 

membranes without the liposomes was 0.61 ±0.050 jimol cholesterol.mg'^ 

protein (n=3), and this remained consistent throughout the time course.
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*P<0.05 different from its respective control 

at that time point, ANOVA + Dunnett test.
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Figure 3.1: The rate of cholesterol enrichment studied at 1,2 and 3 

hours, after incubating fibroblast membranes with 50:50 

PC/Cholesterol liposomes. Control membranes were taken through the 

same incubation step as cholesterol enrichment. Cholesterol content in 

the cholesterol enriched fibroblast membranes increased from 

0.61±0.050 (n=3) to approximately 0.92±0.012 (n=3) and 0.82±0.020 

(n=3) [imol cholesterol.mg protein ’ after 2 and 3 hours of incubation 

respectively. The maximum enrichment was achieved at 1.0 hr 

(1.04±0.028 [imol.mg protein ’, n=3). The cholesterol content in the 

control fibroblast membranes remained the same at each given time 

point. Data shown represents mean ± s.e.mean of 3 different 

experiments each performed in triplicate.
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2) Methyl-P-cyclodextrin and its cholesterol inclusion complex

Cholesterol enrichment and depletion in fibroblast membrane fragments were obtained 

the same way as for the neuronal membranes. The absolute cholesterol levels of the 

control, cholesterol enriched and cholesterol depleted membranes over 30 min are 

statistically analysed in table 3.2. At each indicated time, cholesterol content was 

evaluated using the Chemiluminescent assay.

Cholesterol enrichment

Unlike the cortical membranes, cholesterol in cholesterol enriched fibroblast 

membranes only started to rise rapidly from 10 min onward. The cholesterol 

enrichment achieved after 30 min incubation period was slightly less in 

fibroblast membranes than that obtained for cortical membranes, 174± 3.52 % 

of control (n=5) containing 0.513±0.018 (imol cholesterol.mg'^ protein (n=5).

Cholesterol depletion

Cholesterol depletion followed the same pattern as cholesterol enrichment in the 

fibroblast membranes. The cholesterol depletion seen at the end of the 30 min 

incubation time was less than that obtained for cortical membranes, 60±4.99% 

of control (n=5) containing 0.526±0.009 (imol cholesterol.mg'^ protein (n=5).
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Table 3.2; Membrane cholesterol manipulation in fibroblast membranes, following 

treatment with cholesterol-methyl-p-cyclodextrin (Ch-MpC) or methyl-P-cyclodextrin

(m Po .

Incubation 

time (min)

Cholesterol content in fibroblast membranes ([Imol.mg protein' )̂

Control Enrichment 

(0.3mM Ch + 3mM MPC)

Depletion

(3mMMPO

0 0.528± 0.031 (5) 0.513±0.018 (5) 0.526+0.009 (5)

10 0.533±0.017 (5) 0.572±0.032 (5) 0.527±0.027 (5)

15 0.507±0.020 (5) 0.622±0.020**(5) 0.505±0.015 (5)

25 0.523±0.045 (5) 0.818±0.028**(5) 0.397±0.043(5)

30 0.527±0.084 (5) 0.914±0.038**(5) 0.318±0.026*(5)

Number of experiments are shown in parentheses.

*P<0.05, **P<0.01 different from its respective control at that time point 

ANOVA + Dunnett test.
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3.2.3 Cholesterol esters

To determine what proportion, if any, of the membrane cholesterol is in an esterified 

form, cholesterol esterase (lOOunits/1) was added to the reaction mixture of the 

chemiluminescent protocol. Any cholesterol esters present in the membrane would be 

broken down by the enzyme cholesterol esterase and will then be picked up by the assay. 

The cholesterol content was assayed in the cortical membranes in the presence and 

absence of cholesterol esterase by the chemiluminescence assay.

Cholesterol content in cortical membranes evaluated by the chemiluminescent assay was 

measured in relative light units (RLU values) and is graphically shown in figure 3.2. The 

results show a significantly higher RLU value in the presence of cholesterol esterase, 

indicating the presence of more cholesterol. The proportion of esters measured in the 

total cholesterol content of the membranes taken from 3 experiments were 

approximately 24%, 20% and 28%,
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Figure 3.2: Cholesterol content measured in control cortical 

membranes assayed by the chemiluminescence cholesterol assay. The 

cholesterol content in cortical membranes was assayed in the presence 

and absence of cholesterol esterase. Data is the representation of one 

experiment out of 3.
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3.3 Discussion

The main aim of this chapter was to establish protocols for substantial cholesterol 

enrichment and depletion in cortical membrane fragments and fibroblast membrane 

fragments.

3.3.1 Membrane cholesterol manipulation

Cholesterol-methyl-p-cyclodextrin inclusion complex (containing 0.3 mM 

cholesterol final concentration) was used as the donor for cholesterol in the 

cholesterol enriched membranes, and 3mM methyl-P-cyclodextrin was used as 

the acceptor of cholesterol in cholesterol depleted membranes. Liposomes were 

also employed at one stage for the cholesterol enrichment of fibroblast 

membranes.

This study has demonstrated that membrane cholesterol can be altered with 

methyl-p-cyclodextrin (MpCD) and its cholesterol-inclusion complex (Ch- 

MPCD) in cortical membranes and fibroblast membranes. Only a single 

concentration of MpCD and Ch-MPCD was utilised to alter the membrane 

cholesterol levels but as reported previously (Kilsdonk et a l, 1995; Klein et al, 

1995), Ch-MpCD mediated cholesterol enrichment and MPCD mediated 

cholesterol depletion can be enhanced upon increasing the concentration of the 

donor or the acceptor molecule. The concentration of Ch-MPCD and MPCD 

used in this study was adequate for substantial cholesterol enrichment and 

cholesterol depletion which was achieved at 30 min incubation period. This 

protocol will now be used for all the cholesterol manipulation experiments 

studied in the later chapters.

Incubating fibroblast membranes with 50PC:50Cholesterol liposomes enriched 

the membranes with 70% cholesterol after 1 hour incubation period. This
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incubation period and the concentration of liposomes achieved to give maximum 

cholesterol enrichment in fibroblast membranes will be used in subsequent 

chapters investigating [%-FNZ binding. The enrichment with liposomes in 

fibroblast membranes was considerably less then the effect observed with the 

synaptosomal membrane fragments (Bennett and Simmonds, 1996; Schleper et 

al., 1998). Cholesterol enrichment was achieved by cholesterol partitioning 

between liposomes and fibroblast membranes. This transfer of cholesterol 

required the presence of a carrier protein, BSA. In some earlier experiments in 

the same laboratory, it was found that incubating HEK (human embryonic 

kidney) cells with 50PC:50Cholesterol liposomes in the absence of BSA resulted 

in no increase in the cholesterol content of the cholesterol enriched cells. The 

incorporation of BSA in the same experiment increased the rate of cholesterol 

transfer, the effect being apparent at levels as low as 0.1% BSA and being 

maximum at 1.0% BSA. Thus, the rapid spontaneous transfer of cholesterol 

requires the presence of BSA. The cholesterol enrichment achieved with Ch- 

MpCD has more advantages over the cholesterol enrichment attained with 

liposomes. Ch-MpCD mediated enrichment requires less incubation time, results 

in greater enrichment and does not demand a carrier protein.

3.3.2 Cholesterol transfer mechanisms

The transfer of cholesterol between the donor and the acceptor membranes has 

been studied by many authors but still remains unclear. However, two 

mechanism had been proposed previously (Bittman, 1993), (1) cholesterol is 

transferred by the aqueous diffusion pathway in which cholesterol diffuses 

through the aqueous medium separating the donor and acceptor species and then 

is resorbed into the acceptor membrane and (2) the collision complex pathway 

in which cholesterol does not enter into the aqueous medium, but instead 

transfers during transient collision of the membranes. Strong evidence has been 

presented in favour of the aqueous pathway for cholesterol movement (Bittman,
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1993). In this investigation, cholesterol enrichment was greater with 

cyclodextrins than that achieved with liposomes. The ability to entrap cholesterol 

is a function of the size of the hydrophobic cavity within the cyclodextrins, and 

this internal cavity has been estimated to range in between 5Â and 8Â depending 

on the specific cyclodextrins (Kilsdonk et al., 1996). Since the size of a 

cyclodextrin molecule is much smaller than the size of a liposome ,

cyclodextrins can diffuse more rapidly through the water layer and can easily 

filter through barriers (i.e. glycocalyx) that could normally restrict the access of 

large particles to areas of the plasma membrane. This achieves high 

concentrations directly at the surface of the plasma membrane. Cholesterol 

molecules can then diffuse directly from the plasma membrane into the 

hydrophobic core of the cyclodextrin molecule packed near the membrane 

surface without the necessity of desorbing completely into the aqueous phase. 

Due to the reduced hydrophobic effect, this direct transfer from plasma 

membrane into the cyclodextrin molecule requires much less energy compared 

with the complete desorbtion of cholesterol molecule into the aqueous 

environment which could be the mechanism for liposomes.

3.3.3 Cholesterol esters

In the latter part of the investigation, the amount of cholesterol esters present in 

the cortical membranes wci5 explored by adding the enzyme cholesterol esterase 

to control cortical membranes. The results indicated that approximately 24% of 

the cholesterol esters were broken down to cholesterol and as a result showed a 

higher RLU reading, indicating the presence of more cholesterol. This reinforces 

the statement that the chemiluminescent assay is very sensitive to free 

cholesterol and does not measure cholesterol esters that may be present in the 

membrane.
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4.1 Introduction

The allosteric regulation of GABA^ receptor function by neuroactive steroids has been 

widely studied and demonstrated. Neurosteroids are able to enhance GABA^  ̂channel 

current via an increase in the mean open duration or an increase in the open frequency. 

At nM concentrations, steroids can indirectly potentiate the GABA-activated Cl" 

conductance, whereas at }iM concentrations, they can directly stimulate Cl conductance. 

They are also able to potentiate the binding of benzodiazepines at the GABA^ receptor 

(Prince and Simmonds, 1992). Just like the barbiturates and benzodiazepines, 

neuroactive steroids have a distinct modulatory site on the GABA^ receptor. The 

steroids that can modulate the GABA^ receptor activity include synthetic steroids such 

as the anaesthetic alphaxalone (5a-pregnan-3 a-ol-11, 20-dione), and endogenously 

formed metabolites of progesterone such as pregnanolone (5 P-pregnan-3 a-ol-20-one) 

and allopregnanolone (5a-pregnan-3a-ol-20-one), the latter being the most effective 

potentiators of the GAB A^ receptor (Majewska et a l, 1986; Harrison et a l, 1987; Peters 

et a l, 1988; Lambert et a l, 1995).

The intravenous general anaesthetic propofol (2,6-diisopropylphenol) has also a marked 

potentiating effect on the GABA^ receptor. Like the neurosteroids, propofol can also 

directly activate the GABA-gated chloride channel at higher concentrations (Hales and 

Lambert, 1991). It also has a separate site on the GABAy  ̂receptor complex from the 

neuroactive steroids and has also been reported to enhance the binding of 

benzodiazepines, such as [^H]-flunitrazepam (FNZ), on the GABA^ receptor (Bennett 

& Simmonds, 1996).

The latest report of Bennett & Simmonds (1996) first revealed that increasing the 

cholesterol content of the neuronal membranes from rat cerebral cortex affected the 

ability of pregnanolone to enhance the binding of [^H]-FNZ to the GAB Aŷ  receptor. The 

enhancement of [%-FNZ binding by propofol was also altered in cholesterol enriched
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membranes taken from the rat whole brain. In this chapter the effects of neurosteroids 

and propofol on [^H]-FNZ binding and its parameters are further investigated. 

Additionally, the influence of cholesterol on [^H]-FNZ binding in control, cholesterol 

enriched and cholesterol depleted membranes is determined and the effects of 

cholesterol enrichment and depletion upon neurosteroids (allopregnanolone, 

pregnanolone, alphaxalone) and propofol is also explored.
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4.2 Experimental methods and Results

4.2.1 The effects of cholesterol enrichment on displacement of pH]-FNZ binding 

by FNZ.

In some preliminary experiments, the effects of cholesterol enrichment on [%-FNZ 

binding displaced by unlabelled FNZ (lOpM-lpT^ was determined. Cholesterol 

enrichment was achieved by incubating membranes with 0.3mM cholesterol + 3mM 

methyl-P-cyclodextrin complex. The [^H]-FNZ displacement study was measured in 

cortical membranes at 21°C. Cholesterol assay was measured by the chemiluminescence 

assay. A single batch of membrane fragments was prepared and used for this study. The 

displacement graphs are represented in figure 4.1.

The cholesterol content in the cholesterol enriched membranes was increased by 175% 

of control. At an assay concentration of InM [^H]-FNZ, there was no significant 

difference in the control binding between the unenriched and the cholesterol enriched 

membranes, baseline binding being 206.93±30.32 (n=3) and 158.13±16.49 (n=3) 

fmol/mg protein, respectively. From the displacement study, there was also no 

significant change in the calculated values for the control binding. The values 

were 3.10±0.067 nM and 2.65±0.069 nM in the unenriched and enriched membranes, 

respectively. Hence, the displacement by unlabelled FNZ at InM [^H]-FNZ 

concentration was unaffected in the cholesterol enriched membranes.

Page 94



Chapter 4: The influence of neurosteroids and propofol on [^H]-FNZ binding
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Figure 4.1: [^H]-FNZ binding displaced by unlabelled FNZ in control 

and cholesterol enriched neuronal membranes. Cholesterol enrichment 

was achieved by incubation with a 0.3mM cholesterol + 3.0mM 

methyl-P-cyclodextrin inclusion complex. Cholesterol content 

measured in control and cholesterol enriched membranes was 

0.515±0.030 (n=3) and 0.903±0.042 (n=3) [imol cholesterol.mg"’ 

protein. [%-FNZ binding was performed at 21°C. Where there 

appears to be no error bars, they are within the diameter of the points.
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4.2.2 The effects of pH]-FNZ binding on the enhancement by pregnanolone, 

alphaxalone and propofol.

Experiments were carried out with a range of concentrations of pregnanolone, 

alphaxalone and propofol in cortical membranes with normal level of cholesterol. A 

single concentration of InM [%-FNZ concentration was used for the study and the 

[^H]-FNZ binding was determined at 21°C. The log concentration-effect relationships 

for the enhancement of [^H]-FNZ by neurosteroids and propofol are represented in figure 

4.2.

In cortical membranes, the threshold concentration for pregnanolone and alphaxalone 

for enhancement of [^H]-FNZ was about 0.3 |iM whereas the threshold concentration for 

propofol was 1.0|iM. The increase in the [^H]-FNZ binding for all three drugs was 

measured at 30|iM. Pregnanolone, alphaxalone and propofol caused an increase of

162.4 ±11.93% (n=3), 140.0 ±9.55% (n=3) and 154.8 ±13.12% (n=3) of control, 

respectively.

From the concentration-effect curves, the potentiation of [%-FNZ binding by 

neurosteroids had reached a clear maximum at 30|iM, whereas the curve for propofol 

was still increasing at this concentration. Therefore, the concentrations selected to give 

reliable but sub-maximal potentiation for the drugs in the subsequent [%-FNZ 

saturation experiments were 3[lM for all the neurosteroids and 30|iM for propofol.
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Figure 4.2: Potentiating effects of [^H]-FNZ by pregnanolone, 

alphaxalone and propofol after 10 min pre-incubation at 37°C 

followed by 60 min incubation at 21°C in cortical membranes 

containing normal cholesterol levels. The final concentration of 

[^H]-FNZ was InM. The data represents the mean±s.e.mean of 3 

different experiments performed in triplicate. The data are 

expressed relative to the binding in the absence of steroids and 

propofol. The dotted line represents 100% control.
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4.2.3 The effects of cholesterol manipulation on [^H]-FNZ saturation binding 

curves.

The influence of cholesterol on [^H]-FNZ binding curves was investigated in control, 

cholesterol enriched and cholesterol depleted membranes. Membrane cholesterol was 

altered using methyl-P-cyclodextrin and its cholesterol inclusion complex. A single 

batch of membrane fragments was used for all the following experiments and the 

cholesterol content was measured by the chemiluminescence assay.

Cholesterol content

Cholesterol values in cholesterol depleted, control and cholesterol enriched 

membranes were0.358±0.037 (n=6),0.735±0.030 (n=6) and 1.402±0.041 (n=6) 

|imol cholesterol.mg ' protein, respectively. Both enrichment and depletion were 

statistically significant from the control value (P<0.01) (Figure 4.3).

Saturation curves

For all the [^H]-FNZ saturation binding experiments, 0.1-21nM [^H]-FNZ 

concentrations were used. However, in some experimental conditions, for 

example in control and cholesterol enriched membranes (figure 4.4), where the 

2InM data point gave a clear visual impression of a second component arising 

(figure 4.4, inset), this data point was omitted in calculating the binding 

parameters. The suggested second component of [^H]-FNZ binding is 

investigated in more detail in chapter 5.

[ W n z b ^

The Bniax values derived for the curves in figure 4.4 were 677.88±79.22 (n=7), 

685.30±49.48 (n=9) and 493.76±18.27 (n=7) fmol.mg 'protein for cholesterol 

depleted, control and cholesterol enriched membranes, respectively.
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There was a significant (P<0.01) reduction in the [^H]-FNZ the

cholesterol enriched membranes but no change in the cholesterol depleted 

membranes when compared with the control membranes.

[^HflFNZKj,

The corresponding [^H]-FNZKd values were 5.18±0.58 (n=7), 3.18±0.39 (n=9) 

and 2.26±0.22 (n=7) nM in the cholesterol depleted, control and cholesterol 

enriched membranes, respectively. The Kg value in the cholesterol depleted 

membranes was significantly increased (P<0.01), whilst that in cholesterol 

enriched membranes was unchanged, compared with the control value.
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♦*P<0.01 significantly different from control 

ANOVA + Dunnett test.
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Figure 4.3: Cholesterol content in control membranes (100% n=6), in 

cholesterol enriched membranes (191 % of control, n=6) and cholesterol 

depleted membranes (49% of control, n=6). Membranes cholesterol 

was depleted using 3 mM methyl-P-cyclodextrin and enriched by 

incubating membranes with 0.3mM cholesterol + 3.0mM methyl-P- 

cyclodextrin inclusion complex. The cholesterol content of the control 

membranes was 0.735±0.030 (n=6) |imol cholesterol.mg ' protein.
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Figure 4.4: Saturation curves of [^H]-FNZ binding to control, cholesterol 

enriched and cholesterol depleted neuronal membranes measured at 2rC . 

Cholesterol enrichment was achieved by incubating membranes with 

cholesterol-methyl-P-cyclodextrin complex. Cholesterol depletion was 

achieved by incubation with methyl-P-cyclodextrin alone. Enrichment with 

cholesterol gave 191% of control whereas depletion gave 49% of control. 

(Inset) [%-FNZ saturation binding experiments using 0.1-21nM [^H]-FNZ 

concentration range in control, cholesterol enriched and cholesterol depleted 

neuronal membranes.
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4.2.4 The effects of cholesterol manipulation on [^H]-FNZ binding modulated hy 

neurosteroids and propofol

The effect of 3[lM pregnanolcne, alphaxalone, allopregnanolone and 30|lM propofol 

were investigated on [^H]-FNZ binding in control, cholesterol enriched and cholesterol 

depleted neuronal membranes at 21°C. Cholesterol enrichment was achieved to 191% 

of control by incubating membranes with cholesterol-methyl-p-cyclodextrin inclusion 

complex and cholesterol depletion to 49% of control was achieved by incubating 

membranes with methyl-p-cyclodextrin alone.

A) Pregnanolcne

Saturation curves for [^H]-FNZ binding in the presence of pregnanolone in control, 

cholesterol enriched and cholesterol depleted membranes are shown in figure 4.5 A, 4.5B 

and 4.5C, respectively. The binding parameters for all three of these conditions were 

determined from the 0.1-21nM [^H]-FNZ concentration range. The comparative data 

shown in these figures and obtained in the absence of pregnanolone are the same as 

shown in figure 4.4.

max

r3 i

[3HJ-FNZB,

Pregnanolone 3|iM significantly (P<0.01) increased the pH]-FNZ by 72%, 

48% and 78% in cholesterol depleted, control and cholesterol enriched 

membranes, respectively (table 4.1). In the presence of pregnanolone, the 

measured in cholesterol depleted membranes (1169±18.90 fmol/mg protein, 

n=4) was significantly greater (P<0.01) than the B̂ ^̂  measured in cholesterol 

enriched membranes (881.0±77.10 fmol/mg protein, n=4).
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[^HhFNZKjy

In the same experiments, a steroid-induced reduction in the affinity was 

exhibited for all three cholesterol levels. Thus, pregnanolone significantly 

increased the [^H]-FNZ Kg by 127% (P<0.01), 74% (P<0.01) and 80% (P<0.05) 

in cholesterol depleted, control and cholesterol enriched membranes, 

respectively (table 4.2). The obtained in cholesterol depleted membranes 

(11.77±0.80 nM, n=4) was significantly greater (P<0.01) than the Kp in 

cholesterol enriched (4.08±0.45 nM, n=4) and control membranes (5.54±0.34 

nM, n=4).
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Figure 4.5: The effects of pregnanolone on [^H]-FNZ binding in 

control (A), cholesterol enriched (B) and cholesterol depleted (C) 

neuronal membranes at 21°C. Membranes were incubated with 

increasing concentration of [^H]-FNZ in the absence or presence of 

3|iM pregnanolone. Enrichment with cholesterol (191%) was achieved 

by incubation with cholesterol-methyl-P-cyclodextrin inclusion 

complex. Cholesterol depletion (49%) was achieved by incubating 

membranes with methyl-p-cyclodextrin solution alone.
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B) Alphaxalone

[^H]-FNZ binding saturation curves in the presence of alphaxalone in control, 

cholesterol enriched and cholesterol depleted membranes are shown in figure 4.6A, 4.6B 

and 4.6C, respectively. The binding parameters for control and cholesterol enriched 

membranes were determined from the O.l-lOnM [^H]-FNZ concentration range whilst 

those for cholesterol depleted membranes were determined from the 0.1-21nM [^H]- 

FNZ concentration range. The comparative data shown in these figures and obtained in 

the absence of alphaxalone are the same as shown in figure 4.4.

The [^H]-FNZ was increased by 47% (P<0.01), 33% (P<0.05) and 62% 

(P<0.05) in cholesterol depleted, control and cholesterol enriched membranes, 

respectively (table 4.1). There was no significant difference between these 

increases.

pHhFNZKj,

In the same experiments, alphaxalone increased Kg by 65% (P<0.01), 51% 

(P<0.05) and 74% (P<0.05) in cholesterol depleted, control and cholesterol 

enriched membranes, respectively (table 4.2). The [^H]-FNZ measured in the

cholesterol depleted membranes (8.56±0.39 nM, n=4) was significantly greater 

than the values measured in control (4.80±0.37 nM, n=4) and cholesterol 

enriched membranes (3.94±0.54 nM, n=4).
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Figure 4.6: The effects of 3|iM alphaxalone on [^H]-FNZ binding to 

control (A), cholesterol enriched (B) and cholesterol depleted (C) 

neuronal membranes at 2TC. Enrichment with cholesterol (191% 

control) was achieved by incubation with cholesterol-methyl-P- 

cyclodextrin inclusion complex. Membranes were depleted of 

cholesterol (49% control) by incubation with methyl-P-cyclodextrin 

alone.
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C) Allopregnanolone

Representative graphs for [^H]-FNZ binding saturation curves in the presence of 

allopregnanolone in control, cholesterol enriched and cholesterol depleted membranes 

are shown in figure 4.7A, 4.7B and 4.7C, respectively. For the control and cholesterol 

enriched membranes, the binding parameters were determined from the 0.1-lOnM [% - 

FNZ concentration range whereas for cholesterol depleted membranes the binding 

parameters were determined from the 0.1-21nM [^H]-FNZ concentration range. The 

comparative data shown in these figures and obtained in the absence of 

allopregnanolone are the same as shown in figure 4.4.

fHhFNZB^^

In the presence of allopregnanolone, the [^H]-FNZ 8̂ ,̂  ̂ was significantly 

increased by 78% (P<0.01), 65% (P<0.01) and 95% (P<0.01) in cholesterol 

depleted, control and cholesterol enriched membranes, respectively (table 4.1). 

Compared with the effects of pregnanolone and alphaxalone, the increase in the 

Bniax was seen to be more pronounced with allopregnanolone. While there was 

a significant steroid induced increases in B̂ ĵ  ̂ at each cholesterol level, there 

was no real significant change in the B̂ ĵ  ̂between each cholesterol level.

fHhFNZKj,

The [^H]-FNZ Kp was also increased in the presence of allopregnanolone. The 

values for was increased by 191% (P<0.01), 74% (P<0.05) and 153% 

(P<0.01) in cholesterol depleted, control and cholesterol enriched membranes, 

respectively (table 4.2). The increase in Kp in control (5.52±1.00 nM, n=4) and 

cholesterol enriched (5.72±0.45 nM, n=4) membranes were of similar magnitude 

but varied significantly (P<0.01) from that of cholesterol depleted membranes 

(15.10±0.83 nM, n=4).
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Figure 4.7; The effects of 3|iM allopregnanolone on [^H]-FNZ 

binding to control (A), cholesterol enriched (B) and cholesterol 

depleted (C) neuronal membranes at 21°C. Membranes were enriched 

and depleted of cholesterol using cholesterol-methyl-p-cyclodextrin 

inclusion complex and methyl-P-cyclodextrin solution, respectively. 

Cholesterol enrichment gave 191% of control whereas cholesterol 

depletion gave 49% of control.
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D) Propofol

Saturation binding curves in the presence of propofol in control cholesterol enriched and 

cholesterol depleted membranes are shown in figure 4.8A, 4.8B and4.8C, respectively. 

Whilst the binding parameters for cholesterol deleted membranes were determined from 

the 0.1-21nM [^H]-FNZ concentration range, the binding parameters for control and 

cholesterol enriched membranes were determined from the O.l-lOnM [%-FNZ 

concentration range. The comparative data shown in these figures and obtained in the 

absence of propofol are the same as shown in figure 4.4.

Just like the neurosteroids, propofol caused a significant increase in the the 

values were increased by 72% (P<0.01), 31% (P<0.05) and 62% (P<0.05) in 

cholesterol depleted, control and cholesterol enriched membranes, respectively 

(table 4.1). There was no significant change in the B„,„ between each cholesterol 

level.

fH]-FNZKo
The corresponding in the presence of propofol was also increased by 110% 

(P<0.01), 67% (P<0.01) and 85% (P<0.01) in the cholesterol depleted, control 

and cholesterol enriched membranes, respectively (table 4.2). The significantly 

(P<0.01) greater in control (5.30±0.51 nM, n=4) and cholesterol enriched 

membranes (4.19±0.63 nM, n=4) compared with cholesterol depleted 

membranes (10.90±1.41 nM, n=4) still occurred in the presence of propofol.
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Figure 4.8: The effects of 30pM propofol on [^H]-FNZ binding to 

control (A), cholesterol enriched (B) and cholesterol depleted (C) 

neuronal membranes at 21°C. Enrichment with cholesterol to 191% 

control was achieved by incubation with cholesterol-methyl-P~ 

cyclodextrin inclusion complex. Membranes were depleted of 

cholesterol to 49% control by incubation with methyl-P-cyclodextrin 

alone.
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Table 4.1: Changes due to some neurosteroids and propofol in the [^H]-FNZ in 

control, cholesterol enriched and cholesterol depleted neuronal membranes at 21°C. 

Membrane cholesterol was enriched following treatment with cholesterol-methyl-P- 

cyclodextrin (Ch-MpC) and depleted by incubation with methyl-p-cyclodextrin (MPC) 

alone.

pH]-FNZ (fmol/mg protein)

Depletion (49%)
(m Po

Control Enrichment (191%) 
(Ch-MPO

No drug 677.9±79.22 (7) 685.3±49.48 (9) 493.8±18.27 (7)(*)

Pregnanolone 1169±18.90 (4)**C )̂ 1011±54.20 (4)** 881.0±77.10(4)**

Alphaxalone 993.7±67.56 (4)* 912.8±26.14 (4)* 801.3±72.39 (4)**

Allopregnanolone 1210±26.44 (4)** 1132±65.68 (4)** 960.9±46.02 (4)**

Propofol 1159±107.2 (4)** 895.0±48.90 (4)* 799.0±118.1 (4)*

Number of experiments are shown in parentheses 

*P<0.05, **P<0.01, different from the equivalent data without the drug 

(*)P<0.05 different from its respective control and cholesterol depleted value 
(##)p< 0  0 1  ̂different from its respective cholesterol enriched value 

ANOVA + Dunnett test.
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Table 4.2: Changes due to some neurosteroids and propofol in [^H]-FNZ in control, 

cholesterol enriched and cholesterol depleted neuronal membranes at 21°C. Membrane 

cholesterol was enriched following treatment with cholesterol-methyl-P-cyclodextrin 

(Ch-MPC) and depleted by incubation with methyl-P-cyclodextrin (MpC) alone.

PH]-FNZ Kn (nM)

Depletion (49%) 
(MpC)

Control Enrichment (191%) 
(Ch-MPO

No drug 5.18±0.58 (7)(**) 3.18±0.39 (9) 2.26±0.22 (7)

Pregnanolone 11.77±0.80 (4)**(**) 5.54±0.34 (4)** 4.08±0.45 (4)*

Alphaxalone 8.56±0.39 (4)**(**) 4.80±0.37 (4)* 3.94±0.54 (4)*

Allopregnanolone 15.10+0.83 (4)**(**) 5.52±1.00(4)* 5.72±0.45 (4)**

Propofol 10.90±1.41 (4)**(**) 5.30±0.51 (4)** 4.19±0.63 (4)**

Number of experiments are shown in parentheses 

*P<0.05, **P<0.01, different from the equivalent value without the drug 

(**)P<0.01, different from its respective control and cholesterol enriched value 

ANOVA + Dunnett test.
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4.2.5 Analysis of data

To facilitate discussion and interpretation, the neurosteroid and propofol data shown in 

tables 4.1 and 4.2 are represented in tables 4.3 and 4.4 as ratios based on the 

corresponding “no drug” values of and Kg.

Table 4.3; ratios of “drug” : “no drug” values from table 4.1.

Membrane

cholesterol

Depletion (49%) Control Enrichment (191%)

Pregnanolone 1.72 1.48 1.78

Alphaxalone 1.47 1.33 1.62

Allopregnanolone 1.78 1.65 1.95

Propofol 1.71 1.31 1.62

Table 4.4: ratios of “drug” : “no drug” values from table 4.2.

Membrane

cholesterol

Depletion (49%) Control Enrichment (191%)

Pregnanolone 2.27 1.74 1.81

Alphaxalone 1.65 1.51 1.74

Allopregnanolone 2.92 1.74 2.53

Propofol 2.10 1.67 1.85
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4.3 Discussion

The present study was undertaken to investigate if cholesterol has any influence on the 

pH]-FNZ binding and whether it affects the potentiation by neurosteroids and propofol. 

Concentrations of [^H]-FNZ ligand used were those for the high affinity [^H]-FNZ 

binding (Speth et a l, 1979; Regan et al., 1979; Supavilai and Karobath, 1980).

4.3.1 The effect of membrane cholesterol on pH]-FNZ binding

Enriching the membranes with cholesterol (191% control) showed no significant 

change in the [^H]-FNZ binding affinity but significantly reduced the [^H]-FNZ 

Bmax by 28%, which suggests that the number of high affinity benzodiazepine 

binding sites were reduced. On the other hand, cholesterol depletion (49% 

control) did not alter the [%-FNZ but significantly reduced the binding 

affinity; the [^H]-FNZ was increased by 63%. Thus both enrichment and 

depletion of cholesterol influences [^H]-FNZ binding. The results of the earlier 

displacement study (figure 4.1) is in accord with the displacement study carried 

out by Bennett and Simmonds (1996) where cold FNZ displacement of [^H]- 

FNZ at InM ligand concentration is unaffected by cholesterol enrichment.

4.3.2 The effect of cholesterol on pH]-FNZ binding modulated by neurosteroids 

and propofol

The modulatory action of neurosteroids (pregnanolone, alphaxalone and 

allopregnanolone), was investigated in control, cholesterol enriched and 

cholesterol depleted membranes. Neuroactive steroids, at a final concentration 

of 3[lM, significantly increased the [^H]-FNZ B̂ ^̂  in control membranes. Both 

cholesterol enrichment and cholesterol depletion further increased the [^H]-FNZ 

Bjnax to a similar extent (table 4.3). The increase in B̂ ^̂ x in the presence of
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neurosteroids was always accompanied by an increase in pH]-FNZ K .̂ This 

increase in was seen to be greater for cholesterol enriched membranes than 

control membranes (table 4.4). However, the increase in by neurosteroids 

(with the exception of alphaxalone) in cholesterol depleted membranes, was 

always higher than that achieved for either cholesterol enriched or control 

membranes (table 4.4). This may be due to the elevated value measured in 

the cholesterol depleted membranes without neurosteroids, being further 

augmented substantially in the presence of these neurosteroids. Whilst 

neurosteroids and depletion of membrane cholesterol have similar effects on the 

binding affinity, there is no evidence to suggest that these effects are other than 

independent.

Interestingly, propofol followed the same pattern as neurosteroids; the pH]-FNZ 

and were increased in control, cholesterol enriched and cholesterol 

depleted membranes. The increase in by propofol was about the same for 

cholesterol enrichment and depletion but more than control membranes (table 

4.3). The increase in by propofol was slightly higher in cholesterol depleted 

membranes than cholesterol enriched membranes which in turn was greater than 

that achieved for control membranes (table 4.4). Propofol and neurosteroids act 

at separate sites on the GABA^ receptor (Prince and Simmonds, 1992). From the 

results it is apparent that the interaction of cholesterol with the GABA^ receptor 

is not restricted to the neurosteroids site, but it seems there is a more general 

interaction occurring with the cholesterol altering the coupling between 

neurosteroids or propofol with the benzodiazepine site.

4.3.3 Potential explanation for increases in pH]-FNZ and due to 

neurosteroids and propofol:

The significant increases in the pH]-FNZ B̂ jax and due to neurosteroids and 

propofol was measured at a high affinity [^H]-FNZ concentration range (0.1-10
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or 0.1-21nM), where only one population site was detected by the analysis 

program on the GraphPad software employed in this study. If however, there 

exists a 2°̂  population of low affinity FNZ binding sites, then the apparently 

single-site binding presented so far could well be comprised of a high affinity 

state plus a material contribution from the overlapping lower affinity state(s), 

particularly if the lower affinity state(s) were in much greater abundance than the 

high affinity state.

In the presence of neurosteroids or propofol, the experimental results could be 

explained if there were changes in the affinity of one or more affinity states. 

Thus, if the low affinity state moved towards the high affinity state and overlap 

the high affinity population to an increased extent, it would result in reduced 

difference between the affinities of the states contributing to the saturation curve. 

The increase in overlap would then result in an increase in the projected If 

the reduced difference between the affinities of the states were due to a reduced 

affinity of the true high affinity state, an increase in the measured would be 

expected. If it was due to an increase in the affinity of the lower affinity states, 

the greater contribution of these states to the saturation curve would also be 

expected to increase the measured Kp.

Alternatively, drug-induced changes in the equilibria between the binding states, 

without altering the affinity of each state, could also explain the experimental 

data. Thus, a shift in the equilibrium from a high affinity state to a less high 

affinity state, intermediate state, would increase the contribution of these 

intermediate affinity state to the saturation curve, thereby increasing the number 

of FNZ binding sites in the intermediate affinity state and increasing the 

measured K^.
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It is, of course, possible to test for the presence of the proposed lower affinity 

states by extending the concentration range of [^H]-FNZ employed. This is 

explored in chapter 6.

The increases in associated with cholesterol depletion, neurosteroids (pregnanolone 

and allopregnanolone) and propofol may depend on the [^H]-FNZ binding being 

performed at 21°C. Conventionally, benzodiazepine binding is carried out at 4°C, at 

which temperature the control is lower than that achieved at higher temperatures 

(Septh et al., 1979) and the lipid membrane is less fluid. The possibility of a temperature 

dependence of the effects of cholesterol depletion and neurosteroids on [^H]-FNZ 

binding is investigated in detail in the next chapter.
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5.1 Introduction

From chapter 4, it was concluded that in control, cholesterol enriched and cholesterol 

depleted neuronal membranes at a 21°C incubation assay, neurosteroids and propofol 

increased FNZ binding sites and reduced binding affinity. The increase in [%-FNZ Kg 

was also seen with membranes that were depleted of cholesterol. Benzodiazepine 

binding is conventionally assayed at low temperatures (0-4°C), and as reported 

previously (Squires et a l, 1979, Speth et a l, 1979; Quast et a l, 1982), [^H]-FNZ 

binding is highly temperature dependent: the apparent affinity constant (Kg), as well as 

the apparent value increases with increasing temperature. For example, at 25°C the 

apparent Kg value for [^H]-FNZ (3.2nM) is 4 times greater than the value determined 

at 0°C (O.SSnM). The apparent B̂ jg* value for [^H]-FNZ at 25°C is 5.2pmol/mg protein 

compared to the B̂ ĝ̂  value of 4.8pmol/mg protein determined at 0°C (Quast et al, 

1982). The rate at which [^H]-FNZ associate and dissociate from benzodiazepine 

receptors also increases with increasing temperature (Speth et a l, 1979; Quast et al, 

1982). Taking this into consideration, it is crucial to investigate whether this exceptional 

rise in B̂ ĝ  and Kg associated with neurosteroids and propofol in cholesterol depleted 

membrane is temperature dependent. Thus, experiments were performed at 4°C and 21°C 

in both control and cholesterol depleted membranes, and only pregnanolone was used 

as a modulator for the [^H]-FNZ binding.

Another factor that might contribute to the significant increase in [%-FNZ B̂jĝ  ̂and Kg 

associated with pregnanolone in control and cholesterol depleted membranes, is the use 

of methyl-P-cyclodextrin as a cholesterol-complexing agent. Therefore, in some 

experiments cholesterol depleted membranes were incubated with cholesterol-methyl-P- 

cyclodextrin inclusion complex to restore the cholesterol content and to possibly restore 

the high affinity [^H]-FNZ binding parameters.
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5.2 Experimental methods and results

5.2.1 The effect of temperature on pH]-FNZ binding in control and cholesterol 

depleted membranes

All experiment detailed in this chapter were performed on a single batch of neuronal 

membrane fragments. Saturation binding experiments were studied in both control and 

cholesterol depleted membranes at 21°C and 4°C.

Control membranes

Saturation binding curves achieved for control membranes at 4°C and 21°C are 

shown in figure 5.1. The [^H]-FNZ binding parameters (B̂nax and Kg) are 

analysed in table 5.1. When the assay temperature was increased from 4°C to 

21°C, the [^H]-FNZ maximum binding remained unchanged whereas the 

value was significantly (P<0.01) increased by 133% at 21 °C compared with 4°C 

in control membranes.

Cholesterol depleted membranes

Cholesterol depletion was achieved by incubation with methyl-P-cyclodextrin 

alone. The cholesterol content was depleted to 43% of control (figure 5.7). The 

saturation binding curves for cholesterol depleted membranes at 21°C and 4°C 

are presented in figure 5.2. The [^H]-FNZ binding parameters are shown in table 

5.1. At 4°C, there was no significant change in the [^H]-FNZ Bĵ ax and 

between control and cholesterol depleted membranes. This is in contrast with the 

results obtained at 21°C where the value was increased significantly (P<0.05)

by 31 % in cholesterol depleted membranes. The corresponding B̂ ax values were 

not significantly different. These results at 21°C confirm the analogous 

observations reported in chapter 4.
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Figure 5.1: Saturation binding curves of specific [^H]-FNZ binding in 

control neuronal membranes at 21°C (RT) and at 4°C.
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Figure 5.2: Saturation binding curves of specific pH]-FNZ binding in 

cholesterol depleted neuronal membranes performed at 21°C (RT) and 

at 4°C. Cholesterol depletion to 43 % of control was achieved by 

incubating membranes with methyl-P-cyclodextrin alone.
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5.2.2 The effect of temperature on [ H]-FNZ binding modulated by pregnanolone 

in control and cholesterol depleted membranes

Control membranes

Saturation binding curves achieved in the presence or absence of 3pM pregnanolone in 

control membranes at 4°C and 21°C are shown in figure 5.3 and 5.4 respectively. The 

[%-FNZ binding parameters and K^) were determined from the 0.1-21nM [^H]- 

FNZ concentration range in the presence of pregnanolone and are analysed in table 5.1.

[^HJ-FNZ Bmax - At4°C, the modulation of [^H]-FNZ binding by pregnanolone 

produced a significant (P<0.01) increase by 59% in [^H]-FNZ This is 

similar to the 68% increase in B̂ ^̂  produced by pregnanolone at 21°C which was 

also statistically significant (P<0.01).

[^H]-FNZ Kjj - There was a significant (P<0.05) 51% increase in the [^H]-FNZ 

Kp due to pregnanolone at 4°C. Again this was similar to the significant 

(P<0.01) increase of 89% in due to pregnanolone at 21°C.

Cholesterol depleted membranes

Membrane cholesterol was depleted to 43% of control by incubating with methyl-p- 

cyclodextrin. Saturation binding curves in the presence or absence of 3|iM pregnanolone 

at 4°C and 21°C are shown in figures 5.5 and 5.6, respectively. The [%-FNZ B̂ ^̂  and 

Kq are shown in table 5.1. The values in the presence of pregnanolone were determined 

over the 0.1-21nM [%-FNZ concentration range.
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pH]-FNZ Bmax - At 4°C, pregnanolone (3 |lM) significantly (P<0.01 ) increased 

the Bniax by 40%. A rather bigger effect was seen at 21°C, where pregnanolone 

significantly (P<0.01) increased the by 85%.

pH]-FNZ Kjj - At 4°C, pregnanolone significantly (P<0.01) increased the [^H]- 

FNZ Kp by 173%. Similar results were seen at 21°C where pregnanolone 

significantly (P<0.01) increased the by 146%.
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Figure 5.3: The effect of 3|iM pregnanolone on [^H]-FNZ binding in 

control membranes incubated at 4°C.

Page 129



Chapter 5: The effect of temperature on [^H]-FNZ binding

750-1

■ Control (n=7)
A Control+Pregnanolone (n=4)

25

Free [ H]-FNZ concentration/(nM )

Figure 5.4: The effect of 3[iM pregnanolone on [^H]-FNZ binding in 

control membranes incubated at 21°C.
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Figure 5.5: The effect of 3p,M pregnanolone on [^H]-FNZ binding in 

cholesterol depleted membranes at 4°C. Membranes were depleted of 

cholesterol to 43% of control with methyl-P-cyclodextrin.
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Figure 5.6: The effect of 3p,M pregnanolone on [^H]-FNZ binding in 

cholesterol depleted membranes at 21°C. Cholesterol was depleted to 

43% of control with methyl-P-cyclodextrin.
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Table 5.1: Summary of changes in 6̂ ,̂ % and values of [^H]-FNZ binding to control 

membranes and membranes depleted of cholesterol at 21°C and at 4°C. Number of 

experiments are shown in parentheses.

- 4»C

(fmol/mg protein)

- 21»C

(fmol/mg protein)

Control 459.50 ±41.78 (4) 589.61 ±45.72 (7)

Cholesterol depletion 496.60 ± 35.77 (4) 676.61 ±77.13 (7)

Cholesterol repletion - 616.23 ±35.89 (4)

Control + Pregnanolone 732.90 ± 65.67 (4)** 991.20 ± 72.73 (4)**(*)

Depletion+Pregnanolone 694.80 ± 13.75 (4)** 1285.0 ± 141.7 (4)**(**)

Repletion + Pregnanolone - 867.00 ±111.96 (4)**

Kjy values

Kd - 4“C (nM) K o-2rC (nM )

Control 1.62 ±0.16 (4) 3.77 ±0.25 (7)(**)

Cholesterol depletion 1.83 ±0.28 (4) 4.95 ± 0.40 (7)''(**)

Cholesterol repletion - 3.08±0.20 (4)

Control + Pregnanolone 2.46 ± 0.09 (4)* 7.12 ± 0.68 (4)**(**)

Depletion+ Pregnanolone 5.00 ± 0.75 (4)** 12.16 ±0.31 (4)**(**)

Repletion+Pregnanolone - 7.53 ± 1.39 (4)**

P<0.05, different from its respective control value 

*P<0.05, **P<0.01, different from equivalent values without pregnanolone 

(*)P<0.05, (**)P<0.01, different from equivalent values at 4°C,

ANOVA + Dunnett test.
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5.2.3 Analysis of data

To help with the overall discussion and interpretation of the results in this chapter, the 

pregnanolone data shown in table 5.1 is represented in tables 5.2 and 5.3 as ratios based 

on the corresponding “no pregnanolone” values of and K^.

Table 5.2; ratios of “pregnanolone” : “no pregnanolone” values from table 5.1.

4"C 2VC

Control 1.59 1.68

Cholesterol depletion (43%) 1.40 1.90

Table 5.3: ratios of “pregnanolone” : “no pregnanolone” values from table 5.1,

4“C 21“C

Control 1.52 1.89

Cholesterol depletion (43%) 2.73 2.46
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5.2.4 Membrane cholesterol restoration following cholesterol depletion

To investigate the influence of methyl-P-cyclodextrin independent of cholesterol 

depletion on f  H]-FNZ binding, saturation binding experiments were performed at 21°C 

on the membranes in which the cholesterol content had been restored following 

depletion with methyl-P-cyclodextrin as described in section 2.1.7. Parallel experiments 

were performed in the presence or absence of 3|iM pregnanolone. The cholesterol 

content attained at the end of the cholesterol depletion stage was 43% control and at the 

end of the restoration (cholesterol repletion) stage was 95% control (figure 5.7).

Saturation binding curves for control membranes and membranes in which cholesterol 

had been depleted and then restored are shown in figure 5.8. The [^H]-FNZ and Kg 

are analysed in table 5.1. The [^H]-FNZ binding did not differ significantly between 

control and cholesterol restored membranes. Incubation of 3|iM pregnanolone in 

cholesterol repleted membranes, produced similar values of [^H]-FNZ binding 

parameters as seen for incubation of pregnanolone in control membranes (figure 5.9, 

table 5.1).
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^^nonsignificantly different from control 

**P<0.01 different from control,

ANOVA + Dunnett test.
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Figure 5.7: Cholesterol content of neuronal membranes following 

cholesterol depletion (43% of control, n=7) with methyl-P- 

cyclodextrin and then followed by cholesterol repletion (95% of 

control, n=6) with cholesterol-methyl-P-cyclodextrin inclusion 

complex. The cholesterol content of the control membranes was 0.783 

±27.18 [imoles/mg protein.
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Figure 5.8: Saturation binding of [^H]-FNZ at 21°C in control 

membranes and membranes in which cholesterol had been depleted 

with methyl-P-cyclodextrin and then repleted with cholesterol-methyl- 

P-cyclodextrin inclusion complex.
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Figure 5.9; The effect of 3|iM pregnanolone on [^H]-FNZ binding in 

control membranes and membranes in which cholesterol had been 

depleted with methyl-P-cyclodextrin and then repleted with 

cholesterol-methyl-P-cyclodextrin inclusion complex. The pH]-FNZ 

binding was carried out at 2 r c .
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5.3 Discussion

To investigate the effect of temperature on the [^H]-FNZ binding, control membranes 

and cholesterol depleted membranes were incubated with increasW concentration of 

[^H]-FNZ at both 4°C and at room temperature (21 °C). The effect of pregnanolone on 

the equilibrium dissociation constant (Kq) and the high affinity [^H]-FNZ maximum 

binding was also determined at each temperature point.

5.3.1 The effect of temperature on [ H]-FNZ binding in control and cholesterol

depleted membranes

The results presented here confirms that [^H]-FNZ binding is temperature 

dependent. At 21°C, the apparent values for [^H]-FNZ binding were 2.3 fold 

and 2.7 fold greater than the values determined at 4°C, in both control and

cholesterol depleted membranes, respectively. The corresponding remain

unchanged. Cholesterol depletion was shown in chapter 4 to cause an increase 

in [^H]-FNZ at 21°C, with no change in [^H]-FNZ B^ ,̂. The same result was 

obtained again here at 21°C but at 4°C there was no change in [^H]-FNZ binding 

parameters between control and cholesterol depleted membranes. The value for 

Kq attained at 4°C in control membranes in this chapter is in agreement with 

previous authors (Braestrup etal., 1978, Wastek era/., 1978, Regan era/., 1979, 

Septh et a/., 1979, Yang et a/., 1987). Lipids are known to undergo phase 

transitions, from gel phase to liquid crystalline phase at temperatures of 15°C to 

20°C, therefore it may be possible that a change in membrane fluidity associated 

with a membrane lipid phase shift can affect the ability of the receptor to interact 

with benzodiazepines (Braestrup et al., 1978). However, it is difficult to explain 

simply that cholesterol depletion will increase membrane fluidity which would
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add to the affect of increasing temperature from 4°C to 21°C on fluidity which 

in turn could account for an increase in [^H]-FNZ K^.

The difference in values between each temperature point can be explained by

kinetic experiments as previously documented (Regan et al., 1979, Septh et al., 

1979, Yang et al., 1987). These reports on kinetic data have illustrated the actual 

mechanisms by which benzodiazepine receptor affinity is altered. The rate 

constant of association (k+J and dissociation (k.,) increases with increasing 

temperatures, but k., increases more rapidly than k+,, which in turn causes to

increase. Thus, it can be assumed that the changes in the pH]-FNZ binding 

affinity observed between 4°C and 21°C, in control and cholesterol depleted 

membranes, were accomplished by changes in the ability of pH]-FNZ to 

dissociate from its receptors, where at 21°C the rate of association and 

dissociation was much greater than the rate at 4°C.

5.3.2 The effect of temperature on [ H]-FNZ binding in control and cholesterol 

depleted membranes modulated by pregnanolone

The above results were further explored in the presence of 3pM pregnanolone. 

Pregnanolone produced significant increases in pH]-FNZ and in both 

control and cholesterol depleted membranes at 21 °C in this chapter. The increase 

in Kq due to pregnanolone was shown to be greater in cholesterol depleted 

membranes than in control membranes (table 5.1 and 5.3). These results are 

analogous to the findings obtained in chapter 4 at 21°C. The same effect of 

pregnanolone was also seen in both control and cholesterol depleted membranes 

at 4°C incubation assay. Therefore regardless of temperature, the increase in 

[^H]-FNZ Bn,ax and due to pregnanolone was increased in both control and 

cholesterol depleted membranes (table 5.2 and 5.3).
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5.3.3 The effect of methyl-P-cyclodextrin on [ H]-FNZ hinding

In the final section of this chapter, the influence of methyl-P-cyclodextrin as a 

cholesterol complexing agent was investigated on [^H]-FNZ binding. Upon 

restoring the cholesterol content in cholesterol repleted membranes the binding 

parameters were also restored. The addition of pregnanolone in the cholesterol 

repleted membranes produced similar [^H]-FNZ and Kp values to that 

obtained in control membranes in the presence of pregnanolone. Hence, it can 

be concluded that there are no direct effects of methyl-P-cyclodextrin 

independent of its influence on membrane cholesterol on the [^H]-FNZ binding 

and its parameters.
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6.1 Introduction

High affinity benzodiazepine binding to mammalian bain membrane frartinnQ wnc first
KSquires and Braestrup., 1977) 

described in 1977 (Mohler and Okada, 1977, Braestrup et al., 1978) and since then has

been extensively characterised, f  H]-flunitrazepam (FNZ) is a specific reversible ligand

that binds with high affinity in the nM range to the GABA^ receptor-associated

benzodiazepine receptor. Most of the published saturation binding experiments

investigating [^H]-flunitrazepam as a radioligand have used the ligand concentrations

below 20nM (Wastek et ah, 1978; Regan et al., 1979; Supavilai and Karobath., 1980;

Sieghart etal., 1983), and at these concentrations the data fits a single, saturable binding

component. These binding studies are usually assayed at 0-4°C.

In chapters 4 and 5, analysis of the high affinity binding was restricted to the O.l-lOnM 

[^H]-FNZ concentration. In certain experimental conditions the 21nM

concentration suggested a lower affinity component was apparent. The

interpretation of the effects of neurosteroids and propofol in increasing B̂ ax also 

postulated the involvement of a low affinity component of [^H]-FNZ binding. Thus, in 

this chapter, the existence of a low affinity population is proposed and shown  ̂by 

increasing the [^H]-FNZ concentration up to lOOnM. The effect of membrane cholesterol 

enrichment over this wide range of pH]-FNZ concentration (0.1-91nM) is investigated 

and the modulation by pregnanolone and propofol in control and cholesterol enriched 

membranes over this concentration range is also explored.
Thus, reference to the low affinity component represents a tentative description of the phenomenon
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6.2 Experimental methods and results

Section A

The first part of this result section characterises high and low affinity [^H]-FNZ binding 

using lOjiM unlabelled flunitrazepam as the displacer for non-specific binding. A new 

batch of cortical membrane fragments was prepared and used for all the experiments 

detailed in this section.

6.2.1 Identification of low affinity component of [ H]-FNZ binding

[^H]-FNZ binding was carried out over the pH]-FNZ concentration of 0.1-91nM in 

control and cholesterol enriched cortical membranes. Cholesterol enrichment (181% 

control) was achieved by incubating membranes with cholesterol-methyl-p-cyclodextrin 

inclusion complex. [^H]-FNZ binding was measured at 21°C.

Control membranes

The initial phase of the binding curve up to lOnM [^H]-FNZ concentration 

(figure 6.1 and its inset) replicated the high affinity binding described in earlier 

chapters.

At concentrations higher than lOnM, a second component of [^H]-FNZ binding 

was detected (figure 6.1). This second component was approximately linear so 

the GraphPad software employed to analyse all the [^H]-FNZ binding parameters 

could not identify it as a second saturable component. Assuming that this linear 

phase was, indeed, the beginning of a low affinity saturable component of high 

capacity, it was not possible to estimate the values of and without data 

at much higlf^ligand concentrations. If the manual separation of the phases was 

not made and all the data points were treated as a single saturation curve, then 

the estimated value was always greater than lOOnM.
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Cholesterol enriched membranes

Just like the control membranes, there were also two components obtained for 

cholesterol enriched membranes (figure 6.1 and its inset). The high affinity [^H]- 

FNZ measured in cholesterol enriched membranes was significantly 

(P<0.05) lower than the high affinity [^H]-FNZ measured in control 

membranes. Overall, the values for the high affinity [^H]-FNZ B̂ ^̂  and in 

cholesterol enriched membranes were in accord with the values reported in 

previous chapters.

At concentrations higher than 10 nM, the low affinity component found in 

cholesterol enriched membranes was virtually identical to the low affinity 

component in control membranes (figure 6.1).

6.2.2 Comparing the slopes of low affinity pH]-FNZ saturation curves in control 

and cholesterol enriched membranes

The only quantitative measurement that can be made for the low affinity population of 

[^H]-FNZ binding is calculating its slope. To investigate whether cholesterol enrichment 

affects low affinity [%-FNZ binding, slopes of the low affinity saturation curves in 

control and cholesterol enriched membranes were calculated and compared with each 

other. The slopes were measured from the 51nM [%-FNZ concentration point to the 

91nM concentration mark. This was well above the 10 times Kj, value of the high 

affinity saturation curve, which would therefore have reached a plateau. The slopes 

calculated for the low affinity saturation curves in control and cholesterol enriched 

membranes were 21.99±2.49 fmol/mg protein.nM (n=4) and 21.70±3.66 fmol/mg 

protein.nM (n=4), respectively (table 6.1). The values for the two slopes were not 

statistically different from each other.
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Figure 6.1: High and low affinity ['^H]-FNZ binding to neuronal membranes. 

Specific [^H]-FNZ binding (0.1-91nM) was measured at 21°C in control 

membranes and membranes enriched with cholesterol to 181% control using 

the cholesterol-methyl-P-cyclodextrin inclusion complex. (Inset) High affinity 

binding to control and cholesterol enriched cortical membranes. The high 

affinity [^H]-FNZ in the control and cholesterol enriched membranes were

662.7 ±41.99 (n=4) and465.9±32.32 (n=4) fmol/mg protein, respectively. The 

corresponding values were 3.59 ± 0.56nM and 2.25±0.44 (n=4) nM, 

respectively.
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6.2.3 The potentiating effect of pregnanolone on high and low affinity pH]-FNZ 

binding

The effect of 3|iM pregnanolone on [^H]-FNZ binding at 21°C was investigated in 

control and cholesterol enriched membranes. Membrane cholesterol enrichment to 181% 

control was achieved using the cholesterol-methyl-P-cyclodextrin inclusion complex. 

[^H]-FNZ binding was determined in the 0.1-91nM concentration range for the two 

membranes. The first high affinity saturation curve in the presence of pregnanolone fell 

in the concentration range 0.1-21nM, in both control and cholesterol enriched 

membranes. This was also reported in section 4.

Control membranes

Pregnanolone 3|iM significantly (P<0.01) increased the high affinity [^H]-FNZ 

and in control membranes by 60% and 75%, respectively (figure 6.2 and 

its inset). The values for the high affinity [^H]-FNZ and were in accord 

with the values reported in previous chapters.

After the 21nM [^H]-FNZ concentration mark, pregnanolone continued to 

increase the [^H]-FNZ binding of the low affinity saturation curve.

To check whether pregnanolone has any influence on the low affinity component 

of [%-FNZ binding, slopes of the low affinity [^H]-FNZ binding in control 

membranes in the presence of pregnanolone was measured in the same way as 

previously described. The values of the slopes in the absence and presence of

pregnanolone (table 6.1) were not ’ each other.
I significantly different from
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Cholesterol enriched membranes

Analogous to control membranes, pregnanolone significantly (P<0.01) increased 

the high affinity [^H]-FNZ and Kq by 82% and 97%, respectively (figure

6.3 and its inset).

Likewise, after the 2 InM [^H]-FNZ concentration point, pregnanolone increased 

the low affinity [^H]-FNZ binding. The values for the high affinity B^^^ and 

matched closely with the values reported in chapter 4.

Slopes of the low affinity [^H]-FNZ saturation curve calculated in cholesterol

enriched membranes in the absence and presence of pregnanolone, shown in

table 6.1, were not ^ each other.
significantly different IfoM
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Figure 6.2: The effect of 3)iM pregnanolone on [^H]-FNZ binding to neuronal 
membranes at 2TC. Specific [^H]-FNZ binding was determined between 0.1-91nM 
ligand concentration range. {Inset A) The effect of 3pM pregnanolone on high affinity 
[^H]-FNZ binding in control membranes. The values for the high affinity [^H]-FNZ 

and Kd in the presence of pregnanolone were 1062+78.98 fmol/mg protein and 
6.29+0.85 nM, respectively. {Inset B and C) Total, non-specific and derived specific 
counts bound for the control (B) and control + pregnanolone (C) membranes.
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Figure 6.3: The effect of 3|iM pregnanolone on pH]-FNZ binding in 

cholesterol enriched neuronal membranes at 21°C. Cholesterol enrichment 

(181% of control) was achieved by incubation with cholesterol-methyl-P- 

cyclodextrin inclusion complex. Specific [^H]-FNZ binding was determined 

between 0.1-91nM [^H-FNZ] concentration. {Inset) The effect of 3|iM 

pregnanolone on high affinity [^H]-FNZ binding in cholesterol enriched 

membranes. The values for the high affinity [^H]-FNZ and in 

cholesterol enriched membranes in the presence of 3|iM pregnanolone were 

846.2±91.69 (n=4) fmol/mg protein and 4.43±0.62 (n=4) nM, respectively.
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6.2.4 The potentiating effect of propofol on high and low affinity pH]-FNZ 

binding

The modulatory action of 30[iM propofol on [^H]-FNZ binding (0. l-91nM) at 21°C was 

investigated in control and cholesterol enriched membranes. Membrane cholesterol 

enrichment (to 181% control) was obtained using the cholesterol-methyl-P-cyclodextrin 

inclusion complex. The high affinity binding parameters for control and cholesterol 

enriched membranes in the presence of propofol were determined in the 0.1-lOnM [^H]- 

FNZ concentration range.

Control membranes

Figure 6.4 and its inset displays the low affinity and high affinity [^H]-FNZ 

saturation curve in the presence of propofol, respectively. Propofol significantly 

(?<0.05) increased the high affinity [^H]-FNZ and in control membranes 

by 43% and 56%, respectively. This effect of propofol on the high affinity [^H]- 

FNZ binding is analogous to that reported in chapter 4.

At concentrations higher than lOnM, like pregnanolone, propofol continued to 

increase the [^H]-FNZ binding of the low affinity [^H]-FNZ saturation curve.

The calculated slopes values of the low affinity [%-FNZ binding in the absence

and presence of propofol were not * each other (table 6.1).
, significantly different ffpm

Cholesterol enriched membranes

Full [^H]-FNZ saturation curve in the cholesterol enriched membranes in the 

presence of propofol is shown in figure 6.5. Propofol significantly (P<0.01) 

increased the high affinity [^H]-FNZ and by 70% and 79%, respectively. 

These values matched closely with the values found in chapter 4.
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Analogous to control membranes, propofol continued to enhance the [^H]-FNZ 

binding beyond the maximum high affinity saturation concentration (lOnM).

Calculated slope values of the low affinity [^H]-FNZ binding in the cholesterol 

enriched membranes in the absence and presence of propofol were also not 

significantly different fi*om (table 6.1).
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Figure 6.4: The effect of 30|iM propofol on [^H]-FNZ binding in neuronal 

membranes at 21°C. Specific [^H]-FNZ binding was determined between 0.1- 

91nM ligand concentration. {Inset) The effect of propofol on high affinity [^H]- 

FNZ binding in control membranes. The derived and Kg values in the 

presence of propofol were 945.0±79.92 fmol/mg protein and 5.61±0.87 nM, 

respectively.
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Figure 6.5: The effect of 30|iM propofol on high and low affinity [^H]-FNZ 

binding in cholesterol enriched neuronal membranes at 21°C. [^H]-FNZ binding 

was measured between 0.1~91nM pH]-FNZ concentration range. Cholesterol 

enrichment (181% of control) was achieved by incubation with cholesterol- 

methyl-P-cyclodextrin inclusion complex. {Inset) The effect of propofol on 

high affinity [^H]-FNZ binding in cholesterol enriched membranes. The 

and Kq values in the presence of propofol were 789.9±48.44 (n=4) fmol/mg 

protein and 4.02±0.53 (n=4) nM, respectively.
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Table 6.1: The effect of cholesterol enrichment, pregnanolone and propofol on low 

affinity [^H]-FNZ slopes.

Control 

(fmol/mg protein.nM)

Cholesterol enrichment 

(181% control) 

(fmol/mg protein.nM)

No drug 21.99±2.49 (n=4) 21.70±3.66 (n=4)

Pregnanolone SjiM 29.96±3.28 (n=4) 29.82±3.09 (n=4)

Propofol 30|iM 27.16±4.20 (n=4) 32.61±5.63 (n=4)

6.2.5 Aggregated low affinity slopes

By looking at the above table, the slope values of the control and cholesterol enriched 

membranes are almost the same. Once the slope values of “no drug” condition (slope 

values of control and cholesterol enriched membranes) were aggregated and compared 

with the slope values of the aggregated “drug” condition (slope values for pregnanolone 

and propofol in control and cholesterol enriched membranes), the measured values were 

21.85±2.17 (n=8) and 29.89+2.04 (n=16) for “no drug” and “drug” situation, 

respectively. By using student unpaired t-test, these values were found to be 

(P<0.05) from each other. significantly different
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6.2.6 The effect of Ro 5-4864 on pH]-FNZ high and low affinity binding

To investigate whether the low affinity [^H]-FNZ binding sites detected in cortical 

membranes are of the peripheral benzodiazepine binding type, [^H]-FNZ binding (0.1- 

91nM) was measured at 21°C in the presence of lQ|iM Ro 5-4864 (a potent inhibitor of 

the peripheral benzodiazepine receptor).

There was no effect or any reduction in high (figure 6.6) or low affinity (figure 6.7) [% - 

FNZ binding upon treatment with Ro 5-4864. High affinity [^H]-FNZ 5̂ ,̂  ̂in control 

membranes and after the addition of Ro 5-4864 were 662.7+41.99 (n=4) and 

633.8±53.41 (n=4) fmol/mg protein, respectively. The corresponding high affinity [^H]- 

FNZ Kp values in the absence and presence of Ro 5-4864 were 3.59±0.56 nM and 

3.81±0.77 nM, respectively.

6.2.7 The effect of flumazenil on [^H]-FNZ high and low affinity binding

To investigate whether the low and the high affinity components of [^H]-FNZ binding 

are of the GABA^- benzodiazepine binding type, flumazenil (Ro 15-1788, a competitive 

antagonist at the GABA^-benzodiazepine receptor) was added to the binding 

experiment. [^H]-FNZ specific binding (0.1-91nM) was measured at 2TC in the 

presence of 10|iM or 50|iM flumazenil.

Flumazenil lOjiM markedly reduced both the high and the low affinity components of 

[^H]-FNZ binding (figure 6.8). At 50|iM concentration, both the high and low affinity 

components were completely antagonised by flumazenil.
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Figure 6.6: The effect of 10|iM Ro 5/4864 on high affinity [^H]-FNZ 

binding to neuronal membranes at 21°C .
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Figure 6.7; The effect of lOjiM Ro5/4864 on [^H]-FNZ binding to 

neuronal membranes at 21°C. Membranes were incubated with 0.1-91 

nM [^H]-FNZ concentration.
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Figure 6.8: The effect of flumazenil (Ro 15-1788) on high and low 

affinity [ % -FNZ binding to neuronal membranes. Specific binding 

was measured with increased concentration of [^H]-FNZ (0.1-91nM) 

in the presence or absence of 10|lM flumazenil. Where there are no 

signs of error bars they are within the points.
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Section B

The latter part of this chapter explores the high and low affinity pH]-FNZ binding using 

clonazepam as a non-radioactive displacer for non-specific binding. These experiments 

detailed in this section were carried out by a 4* year pharmacology research student and 

were largely supervised by myself and my supervisor M. A.Simmonds. A new batch of 

cortical membrane fragments was prepared by him and were used for all the experiments 

in this section.

6.2.8 Identification of low affinity component of [ H]-FNZ binding using 

clonazepam as a displacer

[^H]-FNZ binding was carried out over the ligand concentration range 0.1-91nM in 

control cortical membranes only. Clonazepam lOjiM was used for non-specific binding 

instead of flunitrazepam. [^H]-FNZ binding was measured at 21°C.

Full saturation curve of [^H]-FNZ binding in the concentration range 0.1-91nM, again, 

revealed two components for [^H]-FNZ binding; high and low affinity components 

(figure 6.9 and its inset). [^H]-FNZ and measured over the high affinity [^H]- 

FNZ concentrations (O.l-lOnM) were 436.5 ± 63.24 (n=4) fmol/mg protein and 4.09 ±

1.01 nM, respectively. The 51-91 slope of the low affinity component was 17.60±5.25 

fmol/mg protein /nM (n=4). Since this was a different batch of membranes from that 

used in section A of this chapter, only the Kg values can be directly compared and they 

were not significantly different.
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Figure 6.9: High and low affinity [^H]-FNZ binding to neuronal membranes. 

Specific [^H]-FNZ binding (0.1-91nM) was measured at 21°C in the presence 

of 10|iM clonazepam. (Inset) High affinity [% -FNZ binding to control 

neuronal membranes.
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6.3 Discussion

The major finding of this study was the identification of the low affinity component of 

the [^H]-FNZ binding in cortical membranes. Increased concentration of [^H]-FNZ 

beyond the high affinity [^H]-FNZ binding concentration (10 or 21nM) revealed another 

component which was termed the [^H]-FNZ low affinity component. Non-specific 

binding was linear throughout the examining range of concentrations. High and low 

affinity components of [^H]-FNZ binding were found both in control and cholesterol 

enriched membranes. The values for the high affinity binding sites in control and 

cholesterol enriched membranes were approximately 2-4nM whereas the values, if 

a single component was fitted to all the data points up to 91nM, were greater than 

lOOnM. However, the estimates that exceeds the highest ligand concentration used 

are innately unreliable. Low affinity binding sites were also detected in experiments 

where clonazepam was substituted for flunitrazepam as a displacer to define specific 

binding (figure 6.9).

6.3.1 Characterisation of low affinity component of [ H]-FNZ binding

The properties of this low affinity component of [^H]-FNZ binding were 

characterised by investigating whether the observed low affinity binding sites are 

part of the peripheral benzodiazepine receptor or the Central GABA^- 

benzodiazepine receptor. Series of experiments were carried out over the [^H]- 

FNZ concentration range (0.1-91nM) in the presence of Ro 5-4864 (a specific 

high affinity ligand for peripheral benzodiazepine receptor) and flumazenil (a 

specific antagonist at the GABAy^-benzodiazepine receptor). Peripheral 

benzodiazepine binding sites are pharmacologically distinct from and unrelated 

to the “central” GAB A,^-benzodi azepine receptors and have been shown to 

predominate in various cultured neuronal cell lines (Marangos et al., 1982). The 

peripheral benzodiazepine receptor has a low affinity for the potent
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anticonvulsant clonazepam and a high affinity for the centrally inactive analogue 

Ro 5-4864. In this study, Ro 5-4864 completely failed to have any affect on the 

low and high affinity components of [^H]-FNZ binding, whereas flumazenil 

antagonised both the low and high affinity component of [%-FNZ binding. The 

results from these experiments demonstrate that the low affinity binding sites, 

are part of the GABA^ receptor, and are closely linked with the high affinity 

[^H]-FNZ binding sites, which may be two different states of a single receptor.

6.3.2 Analysis of the pH]-FNZ low affinity slopes

Cholesterol enrichment had no effect on the low affinity [^H]-FNZ binding since 

the slope values of control and cholesterol enriched membranes were almost 

identical (table 6 .1 ). On the other hand, pregnanolone and propofol considerably 

increased the low affinity slopes in control and cholesterol enriched membranes 

but this was shown to be insignificant from their respective “no drug” value by 

the ANOVA and Dunnett statistic test (table 6.1). However, once all the “no 

drug” slope values were aggregated and compared with the aggregated “drug” 

slope value, it was shown to be significant. Thus the aggregated slope values 

suggests that pregnanolone and propofol have some effect on the low affinity 

[^H]-FNZ binding.

Assuming that the high and low affinity component of [^H]-FNZ binding 

represents the total [^H]-FNZ binding sites on one GABAy^-benzodiazepine 

receptor complex, then the increase in the slope of the low affinity [^H]-FNZ 

binding by the drugs (pregnanolone and propofol) cannot be due to an increase 

in the B̂ ĵ  ̂but probably due to changes in the low affinity [^H]-FNZ K^.
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7.1 Introduction

The GABAa receptor contains sites of action for several distinct classes of drugs, 

including G ABA agonists, benzodiazepines, barbiturates and neurosteroids (Olsen, 

1981). GABA^ receptor is derived from various subunits, and the predominant form in 

the brain appears to contain a, P, and y subunits, with the benzodiazepine binding site 

on the interface of the OL and y subunits (Stephenson et al., 1995). The presence of y2  

subunit also induces other conformational changes in the receptor (Pregenzer et al., 

1993). This seems to indicate that at least three different subunits are necessary to 

reconstitute GABA^-benzodiazepine receptor with similar pharmacology to the wild 

type. So far all the experiments have been performed on the native neuronal membranes. 

From the previous chapters, it was concluded that cholesterol manipulation of cortical 

membranes significantly influenced [^H]-FNZ binding. As already known, the response 

of the brain receptor to benzodiazepine ligands is diverse and is attributed to the 

differential assembly of GABA^ receptor subtypes (Hadingham et al., 1992). To test 

whether similar effects of cholesterol are seen on a more homogenous population of 

receptors constructed from known subunits of GAB A^ receptor, a cell line that had been 

stably expressed with the subunits for benzodiazepine-G AB Aŷ  receptor was selected for 

this part of the study.

Mouse fibroblast cells stably transfected with the human cDNAs encoding for ttj P3 y 2L 

subunits of the GABA^  ̂receptor were obtained from Dr. P. Whiting (Neuroscience 

Research Centre, Merck, Sharp & Dhome Research Laboratories). The expression of 

these subunits was under the control of a sensitive dexamethasone promoter. The 

function and pharmacology of these GABA^ receptors are consistent with the results 

from other expression systems as well as brain GABA^ receptor (Home et al., 1992). 

The influence of cholesterol on [%-FNZ binding in the fibroblast membrane fragments 

was tested and the potentiation by pregnanolone was also investigated.

* As in chapter 6, the term low affinity is a tentative description.
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7.2 Experimental methods and results

7.2.1 The effects of cholesterol manipulation on high affinity [^H]-FNZ binding 

in stahly transfected fibroblast membranes.

Fibroblast membrane fragments were prepared similar to cortical membrane fragments. 

Cholesterol enrichment was primarily carried out using liposomes and later achieved 

using cholesterol methyl-P-cyclodextrin inclusion complex.

1) Liposomes

The influence of cholesterol on [^H]-FNZ binding was investigated in control and 

cholesterol enriched fibroblast membranes. A single batch of fibroblast membrane was 

prepared for this investigation. Cholesterol enrichment was achieved by incubating 

fibroblast membranes with 50 PC:50 Cholesterol. Cholesterol content was measured by 

the Sigma cholesterol kit. [^H]-FNZ Saturation binding (0.5-20nM) was performed at 

4°C.

Cholesterol level

Cholesterol content in the cholesterol liposomes-enriched membranes increased 

from a control value of 0.620± 0.016 (n=3) to 0.955±0.041 (n=3) pmol 

cholesterol.mg'^ protein.

Control membranes

Saturation binding curve for control membranes is shown in figure 7.1. The 

derived [%-FNZ and values were 215.02 ± 6.50 (n=6) fmol/mg protein

and 4.13 ± 0.40 (n=6) nM, respectively.
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Cholesterol enrichment

Enriching the fibroblast membranes with cholesterol to 154% control, resulted 

in a saturation curve (figure 7.1) with a very high value that could not be 

measured accurately in the high affinity [^H]-FNZ concentration range (0.5- 

20nM). The estimated and values for enriched membranes were 

638.5±105.6 (n=4) fmol/mg protein and 63.04±10.54 (n=4) nM, respectively.
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Figure 7.1: Saturation curves of [^H]-FNZ binding to control and 

cholesterol enriched fibroblast membranes at 4°C. Enrichment with 

cholesterol was achieved by incubation with 50:50 PC/cholesterol 

liposomes in the presence of 1.0% BSA.
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2) Methyl-P-cyclodextrin and its cholesterol inclusion complex

The influence of cholesterol on [^H]-FNZ binding was investigated in control, 

cholesterol enriched and cholesterol depleted fibroblast membranes. A single batch of 

fibroblast membrane was prepared for this investigation. Cholesterol enrichment was 

achieved by incubation with cholesterol-methyl-P-cyclodextrin inclusion complex and 

cholesterol depletion was obtained by incubation with methyl-p-cyclodextrin alone. 

Cholesterol content was measured by the chemiluminescent method and the [^H]-FNZ 

binding (0.3-2InM) was performed at 21°C.

Cholesterol content

The cholesterol content in cholesterol depleted, control, and cholesterol enriched 

membranes were0.340±0.019 (n=3), 0.508±0.041 (n=6) and0.853±0.053 (n=3) 

|imol cholesterol.mg'^ protein, respectively.

Control membranes

Analogous to neuronal membranes at 21°C, data points contributing to the 

saturation curve for control fibroblast membranes were limited, by visual 

observation, to 0.3-10nM (figure 7.2). The mean and values were 

336.83±49.98 (n=7) fmol/mg protein and 6,05±0.67 (n=7) nM, respectively.

Cholesterol enrichment

Just like the liposomes-enriched membranes, cholesterol enrichment (168% 

control) using the cholesterol methyl-p-cyclodextrin inclusion complex resulted 

in a saturation curve with a high value (figure 7.2). The estimated and 

Kq values were too large to be measured in the [^H]-FNZ concentration range of

0.3-21nM.
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Cholesterol depletion

Likewise, in cholesterol depleted membranes (66% control), the [^H]-FNZ 

binding parameters were too large to be measured accurately within the [% - 

FNZ concentration range (0.3-2InM) (figure 7.2).

7.2.2 Analysis of the high affinity slopes

Since no [^H]-FNZ binding parameters were obtained for cholesterol enriched and 

cholesterol depleted membranes, slopes were calculated from the high affinity [%-FNZ 

concentration range (0.3-10nM). For comparative purpose, slope value of the control 

membranes was also measured and was taken from the most linear part of the curve 

(0.3-5nM). Thus for all three membranes the high affinity slopes of the [%-FNZ 

binding were calculated from the 0.3nM [^H]-FNZ concentration point to the 5nM 

concentration mark. The slope values are shown in table 7.2.

The results showed that only cholesterol depletion affected the high affinity saturation 

curve when compared with the slope value of the control membranes.
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Figure 7.2; Saturation curves of [^H]-FNZ binding to control, 

cholesterol enriched and cholesterol depleted fibroblast membranes at 

21°C. Cholesterol enrichment (168% control) was achieved by 

incubating membranes with cholesterol-methyl-p-cyclodextrin 

complex. Cholesterol depletion (66% control) was achieved by 

incubation with methyl-p-cyclodextrin alone. The dotted line 

represents the [^H]-FNZ saturation curve in control fibroblast 

membranes including the 2InM [^H]-FNZ concentration.
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7.2.3 The effect of pregnanolone on [ H]-FNZ binding

The effect of 3|iM pregnanolone on [^H]-FNZ binding at 21°C was investigated in 

control fibroblast membranes. The [^H]-FNZ concentration range was increased up to 

30nM in the presence of pregnanolone to attain a satisfactory saturation curve and to 

obtain reliable measurements for [^H]-FNZ and Kp. Saturation curves for [^H]-FNZ

binding in the presence and absence of pregnanolone in control membranes are shown 

in figure 7.3.

Pregnanolone 3|iM significantly (P<0.01) increased the [%-FNZ by 96% of the 

value in control fibroblast membranes. The corresponding was also significantly 

increased (P<0.001) by 363% (table 7.1 below).

Table 7.1: The effect of 3|lM pregnanolone on [^H]-FNZ B̂ ĵ  ̂ and in control 

fibroblast membranes at 21°C.

Bĝ ax (fmol/mg protein) Ko(nM)

Control 336.83 ±49.97 (n=7) 6.05 ± 0.67 (n=7)

Control + Pregnanolone 661.5 ± 64.13** (n=4) 28.07 ± 3.97*** (n=4)

Number of experiments are shown in parentheses 

**(P<0.01), ***(P<0.001) different from its respective control. 

Unpaired Student t-test.

Page 172



Chapter 7: [^H]-FNZ binding in fibroblast membranes

n
il

400n

300-

200 -

100 - ■ Control (n=7)
A Control+Pregnanolone (n=4)

30

Free [ H]-FNZ concentration/(nM)

40

Figure 7.3: The effect of 3|iM pregnanolone on [^H]-FNZ binding in 

control fibroblast membranes at 21°C.
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7.2.4 Low affinity [ H]-FNZ binding to fibroblast membranes at 21 °C

Since no exact values for [^H]-FNZ binding parameters were achieved in cholesterol 

enriched and cholesterol depleted membranes at [^H]-FNZ concentrations up to 2InM, 

the concentrations were further increased up to lOOnM. [^H]-FNZ binding was measured 

at 2TC in control, cholesterol enriched and cholesterol depleted fibroblast membranes.

The saturation curve for control fibroblast membranes over the 0.1-lOOnM concentration 

range (figure 7.4A) was analogous to the saturation curve obtained for control neuronal 

membranes (figure 6.1, chapter 6). Thus, at concentrations above lOnM, the existence 

of a low affinity [^H]-FNZ binding component was apparent in control fibroblast 

membranes (figure 7.4A). In contrast, only a single component was apparent in 

cholesterol enriched (figure 7.4B) and cholesterol depleted fibroblast membranes (figure 

7.4C) over the 0.3-100nM concentration range.

7.2.5 Analysis of the low affinity slopes

Analogous to neuronal membranes, slopes of the low affinity saturation curves of [^H]- 

FNZ binding were calculated from the 50nM [^H]-FNZ concentration point to the 

lOOnM concentration mark. The slopes were calculated for control, cholesterol enriched 

and cholesterol depleted fibroblast membranes and the values are shown in table 7.2.

Unlike the cholesterol enriched neuronal membranes, the slope value of cholesterol

enriched fibroblast membranes was significantly (P<0.05) different from the slope value

of the control fibroblast membranes. In contrast, the slope of cholesterol depleted

membranes was not the slope of control membranes.
I  significantly different from
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Table 7.2: The influence of cholesterol enrichment and cholesterol depletion on high 

and low affinity slopes of the [^H]-FNZ binding at 21°C.

High affinity slope values 

(fmol/mg protein.nM)

Low affinity slope values 

(fmol/mg protein.nM)

Control 32.36±3.11 (n=7) 36.30±2.32 (n=7)

Cholesterol enrichment 28.50±1.87 (n=5) 22.59±4.07 (n=5)*

Cholesterol depletion 53.96±5.87 (n=4)** 40.96±8.21 (n=4)

Number of experiments are shown in parentheses 

*P<0.05, **P<0.01 different from its respective control value 

ANOVA + Dunnett test.

7.2.6 Is there pH]-FNZ binding in membranes of fibroblasts not expressing the 

GABAa receptor?

[^H]-FNZ binding over a concentration range of O.l-lOOnM was performed in 

membranes from fibroblasts that had not been exposed to the dexamethasone-inducer 

of GABA^ receptor expression. The results showed that the specific [^H]-FNZ binding 

was too low to measure.
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Figure 7.4: [^H]-FNZ binding in control (A), cholesterol enriched 

(B) and cholesterol depleted (C) fibroblast membranes at 21°C. 

Cholesterol enrichment (168% control) and depletion (66% 

control) were obtained by incubation with methyl-P-cyclodextrin 

and its cholesterol complex.
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7.3 Discussion

In binding and electrophysiological studies using stable transfected fibroblast cells 

(Hadingham et al., 1992; Home et a l, 1992), it was shown that the expression of 

receptors comprised of bovine OCjPiYzl GABA^ subunits had major pharmacological 

features closely resembling the native GAB Â  ̂receptor. The presence of both an a  and 

a Y subunit is required for the benzodiazepine modulation of GAB A^ receptor of many 

naturally occurring GABAy  ̂receptors, but the co-expression of (X-, p-, and Yz-subunits 

results in large number of GAB A-gated Cl' channel being expressed. Thus, in this study, 

mouse fibroblast cells containing defined subunit composition for the GAB Aŷ  receptor 

were employed. The expression of the human (Xip̂ YzLiî  these fibroblast cells was under 

the transcriptional control of an exogenous dexamethasone-sensitive promoter.

7.3.1 The effect of temperature on [^H]-FNZ binding in fibroblast membranes

The [^H]-FNZ (6.05 nM) measured in the control fibroblast membranes at 

2 rC  is in agreement with the range of K^’s measured for neuronal membranes. 

Increasing the incubation assay temperature from 4°C to 21°C, significantly 

(P<0.05, Student unpaired t-test) increased the [^H]-FNZ Kg by 46%. This is in 

accord with the effect of temperature on neuronal membranes (chapter 5).

7.3.2 The influence of cholesterol on [ H] FNZ binding in fibroblast membranes

Manipulation of cholesterol in fibroblast membranes presented surprising 

results. Cholesterol enrichment carried out by either liposomes (154% control) 

or cholesterol methyl-p-cyclodextrin complex (168% control) resulted in 

saturation curves with very high B̂ ^̂  and values that could not be measured 

accurately within the high affinity [^H]-FNZ concentration range. Cholesterol 

depletion (66% control) obtained with methyl-P-cyclodextrin also resulted in a
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saturation curve with a value higher than the maximum [^H]-FNZ 

concentration. The almost linear saturation curves seen for cholesterol enriched 

and cholesterol depleted membranes could be a result of interference by methyl- 

p-cyclodextrin as a cholesterol complexing agent, but since both liposomes- 

enrichment and methyl-p-cyclodextrin-enrichment resulted in similar saturation 

curves, it seems that the carriers of the cholesterol has no influence on producing 

these curves. The other reason may be due to the particular constraints of the 

subunits investigated in fibroblast membranes whereas in neuronal membranes 

there is a wide range of subunits making different receptors and thus producing 

an overall result.

Analogous to neuronal membranes, increasing the [^H]-FNZ concentration 

beyond the high affinity [^H]-FNZ binding concentration (lOnM) revealed a low 

affinity component for the control fibroblast membranes. In contrast, only a 

single component of [^H]-FNZ binding was observed for cholesterol enriched 

and cholesterol depleted membranes over the 0.3-100nM [^H]-FNZ 

concentration range.

In the control fibroblast membranes, the high affinity slope values calculated 

appeared to be the same as the low affinity slope values (table 7.2). Therefore, 

it can be assumed, that the contribution of the high affinity component measured 

in the 0.3-10nM [^H]-FNZ concentration, is very small. Only cholesterol 

depletion showed an effect on the high affinity [^H]-FNZ binding (table 7.2). 

This could either be an effect on the or the or both. In contrast, only 

cholesterol enrichment affected the low affinity slopes, which was a reduction 

(table 7.2). This is opposite to the neuronal membranes where cholesterol 

enrichment showed no effect on the low affinity pH]-FNZ binding. If it is 

assumed that the low affinity component represents the entire population of the 

FNZ binding sites (except for a small high affinity component) then there should 

be no effect of cholesterol on the [^H]-FNZ B̂ gx» unless occlusion of FNZ
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binding sites is occurring and thus is affected by cholesterol. If, however, there 

is no change in the reduced slope in cholesterol enriched membranes 

suggest an increase in of the low affinity component. By looking at these 

results, it is difficult to interpret the data obtained on fibroblast membranes. 

However, it seems that the low affinity component of [%-FNZ binding is more 

dominant than the high affinity component (that is if the high affinity population 

does exist) in fibroblast membranes than the neuronal membranes.

7.3.3 The effect of pregnanolone on pH]-FNZ binding in fibroblast membranes

The addition of 3[lM pregnanolone in the control fibroblast membranes 

consistently increased numbers of high affinity FNZ binding sites and produced 

an overall reduction in the measured affinity. This finding is in agreement with 

the effects of pregnanolone on neuronal membranes (chapter 4-6), although the 

effect of pregnanolone on Kg was much more marked in the fibroblast 

membranes.

In a study by Fuchs et al., (1995), some native [^H]-FNZ binding sites were identified 

and characterised in membranes taken from the human embryonic kidney (HEK) cell 

line which were not transfected with any GABA^ receptor. Most of these binding sites 

exhibited an intermediate affinity for the [^H]-FNZ binding with Kg value 

approximating 120nM. However, no such sites were detected in the fibroblast 

membranes studied in this chapter.
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8.1 Introduction

The specific chemical structure of cholesterol appears to be necessary for the modulation 

of membrane protein activity in certain cases. For example, no activation of the Na'*', 

ATPase was achieved when different sterols other than cholesterol were used (Vemuri 

andPhilipson, 1989). By substituting cholesterol with different analogues of cholesterol, 

strong requirement for the special structural features of the cholesterol was also found 

for the sarcolemmal Na"̂ - Câ  ̂exchanger (Vemuri and Philipson, 1989) and the oxytocin 

receptor (Klein et a l, 1995; Gimpl et a l, 1997). In the study of Gimpl et al., (1997), 

various sterols were compared with respect to their capacity to restore the agonist 

binding of oxytocin receptor and the brain cholecystokinin receptor following 

cholesterol depletion. The results from this study revealed a strong dependancy of the 

oxytocin receptor binding function on the cholesterol molecule but with less stringent 

requirements for the cholecystokinin receptor.

In this chapter, a similar methodology was embraced to investigate the specificity of 

cholesterol interaction with the GABA^ receptor. The important structural features of 

cholesterol are a Sf-hydroxyl (-0H) group, a “planar” tetracyclic ring system, and an 

aliphatic side chain at C-17 (Gimpl et al., 1997). Several different analogues of 

cholesterol were chosen with their structures intermediate between those of cholesterol 

and pregnanolone, but all retaining the C-17 aliphatic side chain of cholesterol. The 

sterols chosen were epicholesterol, coprostanol and epicoprostanol and the structural 

features of these different sterols, as compared to cholesterol (50C-cholesten-3P-ol), are 

as follows: epicholesterol (5a-cholestene-3a-ol) contains the 3'-hydroxyl (-0H) group 

in a-configuration instead of the p-configuration, coprostanol (5P-cholestan-3p-ol) 

contains the 5p- ring reduced structure of cholesterol and epicoprostanol (5p-cholestan- 

3a-ol) contains the SP- ring reduced structure of cholesterol and also contains the 3 -OH 

group in a-configuration. The chemical structures of these sterols as well as of 

cholesterol and pregnanolone are shown in figure 8.1.
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These sterols allowed the importance of the following structural elements to be 

explored:

1. The 3 P-OH in cholesterol which contrasts with the requirement for a 3 a-OH in 

pregnanolone to enhance [^H]-FNZ binding (Harrison et al., 1987; Wittmer et 

al., 1996; Lambert et al., 1995).

2. The unsaturated planar ring structure of cholesterol, compared with the saturated 

ring structure of pregnanolone with a 5p-bend.

Sterols were substituted for cholesterol in neuronal membranes by first depleting the 

membranes of cholesterol using methyl-P-cyclodextrin and subsequently reloading the 

membranes with the corresponding sterols using sterol-methyl-p-cyclodextrin 

complexes. In further experiments, the same sterols were pre-incubated with control 

membranes using the sterol-methyl-P-cyclodextrin complex. These procedures were the 

same as those described by Gimpl et al., (1997), whose work was relied upon for the 

effectiveness of the sterol incorporation into the membranes. The effects of these sterols 

on high affinity [^H]-FNZ binding was investigated.
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Epicholesterol
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Figure 8.1: Structures of steroids employed in 

this study. R=CgHi7.
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8.2 Experimental methods and results

8.2.1 The effect of sterols on pH]-FNZ binding in cholesterol depleted 

membranes

The influence of different sterols on [^H]-FNZ binding was investigated in cholesterol 

depleted membranes. [^H]-FNZ binding was performed over a high affinity [^H]-FNZ 

concentration range (0.1-21nM) at 21°C. Cholesterol was assayed by the 

chemiluminescence method.

Cholesterol content

The cholesterol content (figure 8.2) was significantly decreased (P<0.01) from 

0.709±0.029 (n=8) in control membranes to 0.363±0.016 (n=6) jimol 

cholesterol.mg'* protein in cholesterol depleted membranes, i.e. 51% of control. 

There was no further change in membrane cholesterol content after pre

incubation with sterol-methyl-p-cyclodextrin complex (figure 8.2), the 

cholesterol content in membranes substituted with epicholesterol, coprostanol 

and epicoprostanol being 0.350±0.019 (n=6), 0.357±0.013 (n=4) and 

0.367±0.018 (n=6) jimol cholesterol.mg * protein.

Cholesterol depletion

There was no change in the high affinity [^H]-FNZ B̂ ax in the cholesterol 

depleted membranes, although the pH]-FNZ was significantly (P<0.05) 

increased by 47% (figure 8.3 and table 8.1). This effect of cholesterol depletion 

is in agreement with the results found in previous chapters (4 and 5).
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Epicholesterol

Pre-incubation with epicholesterol in cholesterol depleted membranes caused no 

change in the [^H]-FNZ but significantly (P<0.05) reduced the Kg value by 

34% to the same value as in control membranes (figure 8.4 and table 8.1).

Hence, the specific [^H]-FNZ binding was completely restored after substitution 

with epicholesterol.

Coprostanol

Pre-incubation with coprostanol in cholesterol depleted membranes caused no 

change in either the pH]-FNZ 6̂ ,̂  ̂or (figure 8.4 and table 8.1).

Epicoprostanol

Incubation of cholesterol depleted membranes with epicoprostanol caused no 

change in the [^H]-FNZ K^. The [^H]-FNZ however, was significantly 

increased (P<0.01) by 51%, compared with the value in cholesterol depleted 

membranes (figure 8.4 and table 8.1).
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**P<0.01 significantly different from control 

ANOVA + Dunnett test.
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Figure 8.2: Cholesterol content measured in control neuronal 

membranes, cholesterol depleted membranes and cholesterol 

depleted membranes incubated with epicholesterol, coprostanol and 

epicoprostanol. The cholesterol content of the control membranes 

was 0.709±0.029 |imol cholesterol.mg'* protein. The numbers of 

experiments, performed in triplicate, are shown in the brackets 

within the bars.
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Figure 8.3: Saturation curves of [^H]-FNZ binding at 2TC to control 

and cholesterol depleted neuronal membranes. Cholesterol depletion 

to 51% control was achieved with methyl-P-cyclodextrin.
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Figure 8.4: The influence of pre-incubation of cholesterol depleted 

membranes with epicholesterol, coprostanol and epicoprostanol on high 

affinity [^H]-FNZ binding at 2TC in neuronal membranes.

Page 188



Chapter 8: The influence of sterols on [^H]-FNZ binding

Table 8.1: Effects of cholesterol depletion followed by incubation with sterols on the 

high affinity [^H]-FNZ and values in neuronal membranes at 2 rC . Cholesterol 

depletion was achieved with methyl-p-cyclodextrin (MpC) and sterol incubation with 

the appropriate sterol-MPC inclusion complex.

Membranes Bmax 

(fmol/mg protein)
Kd

(nM)
Control 653.7±26.26 (18) 4.66±0.40 (18)

Cholesterol depletion 636.5±79.96 (6) 6.85±0.35 (6)*

+ Epicholesterol 715.8±111.32 (6 ) 4.51±0.76 (6)(*)

+ Coprostanol 620.4±106.80 (4 ) 7.40±0.58 (4)*

+ Epicoprostanol 962.8+60.29 (8)(*)* 7.40±0.50 (8)*

Number of experiments are shown in parentheses 

♦P<0.05 different from its respective control value 

(*)P<0.05 different from its respective cholesterol depleted value 

ANOVA + Dunnett test.
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8.2.2 The influence of sterols on pH]-FNZ binding in control membranes

The effects of the same sterols was also examined on [^H]-FNZ binding in control 

membranes. Cortical membranes were incubated with the appropriate sterol-methyl-P- 

cyclodextrin inclusion complex and cholesterol was assayed at the end of the incubation 

by the chemiluminescence method. [^H]-FNZ binding was performed at 21°C over the 

high affinity concentration range (0.1-21nM).

Cholesterol content

Enriching the membranes with cholesterol significantly (P<0.01) increased the 

cholesterol content from 0.709±0.029 (n=8) in control membranes to 

1.314+0.061 (n=6) p,mol cholesterol.mg'^ protein in cholesterol incubated 

membranes (figure 8.5). Incubation with other sterols complexed with methyl-P- 

cyclodextrin produced no change in the membrane cholesterol content (figure 

8.5). The cholesterol content of membranes incubated with epicholesterol, 

coprostanol and epicoprostanol was 0.698±0.040 (n=6), 0.692±0.026 (n=4) and 

0.716±0.031 (n=6) |imol cholesterol.mg'^ protein, respectively.

Cholesterol

Cholesterol enrichment to 185% control significantly (P<0.05) reduced the [^H]- 

FNZ by 26% (table 8.2A). Similar reduction in [^-ENZB^ax was observed 

in chapter 4. There was no change in the [%-FNZ when membranes were 

enriched with cholesterol (table 8.2B).

Epicholesterol

Pre-incubation with epicholesterol in control membranes also caused a 

significant (P<0.01) reduction in [%-FNZ B̂ ĵ  ̂by 32% (table 8.2A), suggesting 

that it behaves like cholesterol. Epicholesterol, like cholesterol, also did not 

affect the [^H]-FNZ (table 8.2B).
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Coprostanol

Incubation of control membranes with coprostanol did not alter the [^H]-FNZ 

Bmax (table 8.2A) but significantly (P<0.05) reduced the Kg by 44% (table 8.2B). 

This effect of coprostanol incubated in control membranes is in contrast with its 

effect when incubated in cholesterol depleted membranes, where it had no effect 

on the binding affinity.

Epicoprostanol

The [^H]-FNZ Bĵ ax was increased by 57% control (P<0.01) after pre-incubation 

with epicoprostanol (table 8.2A) and the corresponding value was 

significantly increased (P<0.01) by 138% (table 8.2B).

These effects of epicoprostanol were not seen when it was present in the binding 

incubation medium, at a final concentration of 3|iM, without prior incubation 

of a epicoprostanol-methyl-P-cyclodextrin complex (figure 8.6).
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**P<0.01 significantly different from control 
ANOVA + Dunnett test.

*  *200n

Figure 8.5: Cholesterol content measured in control neuronal 

membranes, cholesterol enriched membranes and in control 

membranes pre-incubated with epicholesterol, coprostanol and 

epicoprostanol. The cholesterol content of the control membranes was 

0.709±0.029 |imol cholesterol.mg* protein. The numbers of 

experiments, performed in triplicate, are shown in the brackets within 

the bars.
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Figure 8.6 : The effects of acute exposure to epicoprostanol on [^H]- 

FNZ binding in control neuronal membranes. Membranes were 

incubated with increasing concentration of [^H]-FNZ in the absence or 

presence of 3|iM epicoprostanol. The values for in control 

membranes and control membranes in the presence of 3|iM 

epicoprostanol were 653.7+26.26 (n=18) and 624.3±27.49 (n=4) 

fmol/mg protein, the corresponding values were 4.66+0.40 (n=18) 

and 4.01±0.55 (n=4) nM, respectively.
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Table 8.2: Effects of pre-incubation of control neuronal membranes with sterols on 

[^H]-FNZ high affinity binding at 2TC and its modulation by 3|iM pregnanolone.

A: values

VIembranes Without

Pregnanolone

With

Pregnanolone

The change in by 

pregnanolone (%)

Control 653.7±26.26 (18) 977.1±103.9 (7)(**) 49.47

+ Cholesterol 481.6±66.90 (7)* 869.0±78.90(5)(**) 80.44

+ Epicholesterol 444.1±48.95 (5)** 411.8±88.69 (4)** -7.27

+ Coprostanol 586.3±63.89 (8) 495.7±82.19 (7)** -15.45

+ Epicoprostanol 1024±78.90 (6)** 883.1±36.36 -13.76

B: Kd values

VIembranes Without

Pregnanolone

With

Pregnanolone

The change in by 

pregnanolone (%)

Control 4.66±0.40(18) 6.96±0.63 (7)(**) 49.36

+ Cholesterol 2.59±0.83 (6) 5.75±0.74 (5)(*) 122

+ Epicholesterol 5.14±0.88 (5) 5.13±0.69 (4) -0.19

+ Coprostanol 6.69±0.60 (8)* 6.01±0.61 (7) -10.16

+Epicoprostanol 11.09±0.87 (6)** 9.36±0.66 (6)* -15.6

Number o f experiments are shown in parentheses

*P<0.05, **P<0.01 different from its respective value in control membranes 

(*)P<0.05, (**)P<0.01 different from its equivalent control value without 

pregnanolone 

ANOVA + Dunnett test.

Page 194



Chapter 8: The influence o f sterols on [^H]-FNZ binding

8.2.3 The effect of sterols on [^H]-FNZ binding in control membranes modulated 

by pregnanolone

The potentiating effect of 3|iM pregnanolone was investigated on [^H]-FNZ binding in 

control membranes and membranes which were pre-incubated with sterols cholesterol, 

epicholesterol, coprostanol and epicoprostanol. The resulting cholesterol levels have 

already been shown in figure 8.5.

Control membranes

Saturation curves of [^H]-FNZ binding in the absence and presence of 

pregnanolone are shown in figure 8.7. Pregnanolone 3|iM significantly (P<0.01) 

increased the [^H]-FNZ B̂ ĵ x by 49% and also significantly (P<0.01) increased 

the Kd by 49% (table 8.2). The values for [^H]-FNZ binding parameters are in 

accord with the parameters measured for pregnanolone in previous chapters (4- 

6).

Cholesterol

Pregnanolone in cholesterol enriched membranes increased both the [^H]-FNZ 

Bniax and Kp by 80% and 122%, respectively (table 8.2). Representative 

saturation curves of cholesterol enriched membranes in the absence and presence 

of pregnanolone are shown in figure 8.8. This increase in B„„ and Kp by 

pregnanolone is also in agreement with the results of previous chapters (4 and 

6).

Epicholesterol

Epicholesterol pre-incubation resulted in pregnanolone showing no change in 

[^H]-FNZ B̂ ax and no change in [^H]-FNZ (table 8.2). Figure 8.8 displays the

[^H]-FNZ saturation curves of epicholesterol pre-incubated membranes with and 

without pregnanolone added.
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Coprostanol

Coprostanol pre-incubation also completely prevented the effects of 

pregnanolone (figure 8.9). The [%-FNZ and Kg values remained 

unchanged in the presence of pregnanolone (table 8.2).

Epicoprostanol

Epicoprostanol saturation curves in the presence or absence of pregnanolone are 

shown in figure 8.9. The elevated [^H]-FNZ and in the absence of 

pregnanolone was not further increased when pregnanolone was added to the 

membranes (table 8.2).
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Figure 8.7: The effects of 3[XM pregnanolone on [^H]-FNZ binding to 

control membranes at 2rC .
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Figure 8.8 : The effects of 3|iM pregnanolone on the binding of [% - 

FNZ at 21°C to control neuronal membranes pre-incubated with 

cholesterol (A) and epicholesterol (B).
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Figure 8.9: The effects of 3|lM pregnanolone on the binding of [% - 

FNZ at 21°C to control neuronal membranes pre-incubated with 

coprostanol (A) and epicoprostanol (B).
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8.3 Discussion

One of the uncertainties in the foregoing investigation was the extent to which the 

sterols other than cholesterol (epicholesterol, coprostanol and epicoprostanol) were 

incorporated into the cholesterol depleted or control membranes. As previously stated, 

the efficiency of incorporation and the consequent changes in membranes fluidity were 

assumed to be the same as reported by Gimpl et al., (1997). They showed that 

epicholesterol, coprostanol and epicoprostanol almost completely substituted for 

cholesterol in maintaining membrane fluidity, as shown by steady-state anisotropy 

measured by 1,6-diphenyl-1,3,5-hexatriene fluorescence. In the present study, pre

incubation of these sterols in control membranes or membranes depleted of cholesterol 

produced clear effects on [^H]-FNZ binding parameters, which indicates that the sterols 

were indeed incorporated into the membranes. There was no loss of membrane 

cholesterol during pre-incubation with these sterols in either control or previously 

cholesterol depleted membranes. By using these sterols, their effects on [^H]-FNZ 

binding and its modulation by pregnanolone are studied and discussed in detail as below:

8.3.1 The influence of altering the 3P-OH group of cholesterol - explored using

epicholesterol

Effects on [^H]~FNZ binding

Firstly, epicholesterol was substituted for cholesterol by incubation with 

cholesterol depleted membranes. Cholesterol depletion on its own produced no 

change in [^H]-FNZ 6 ,̂,̂  but significantly increased the [%-FNZ Kg (table 8.1). 

Epicholesterol incubation in cholesterol depleted membranes restored the [^H]- 

FNZ Kd to control values without changing the (figure 8.4). This finding 

is analogous to the cholesterol repletion experiment reported in chapter 5, where 

incubating cholesterol depleted membranes with cholesterol also restored the 

[%-FNZ Kd (figure 5.8, section 5). Likewise, incubating control membranes
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with epicholesterol mimicked the effects of cholesterol enrichment. Both 

cholesterol enrichment and epicholesterol pre-incubation significantly reduced 

the number of FNZ binding sites without altering the K^. The amount of 

reduction in the [^H]-FNZ was approximately the same for epicholesterol 

(32%) and for cholesterol (26%) incubation. Thus, epicholesterol substituted 

fully for cholesterol in these experiments.

Effects on pregnanolone modulation of[^H]~FNZ binding

The addition of 3|lM pregnanolone in control membranes, containing a normal 

level of cholesterol, modulated the [%-FNZ binding by increasing both the B̂ ^̂  

and Kq. Pregnanolone in cholesterol enriched membranes also had a similar 

effect on these [^H]-FNZ binding parameters (table 8.2). Pre-incubation of 

control membranes with epicholesterol, however, resulted in a complete block 

of the effects of pregnanolone on [^H]-FNZ binding. Thus, epicholesterol but not 

cholesterol blocked the action of pregnanolone.

8.3.2 The influence of altering the ring structure of cholesterol - explored using 

coprostanol

Effects on pH]-FNZ binding

Incubation of cholesterol depleted membranes with coprostanol failed to restore 

the elevated [^H]-FNZ to control values and did not change the B̂ ^̂ . 

Coprostanol pre-incubation of control membranes did not change [^H]-FNZ B̂ â  ̂

but caused a significant increase in the [%-FNZ by 44%. These effects of 

coprostanol are similar to those of cholesterol depletion and suggest that 

coprostanol is having an effect opposite to the endogenous cholesterol or 

antagonising cholesterol.
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Effects on pregnanolone modulation of[^H]-FNZ binding

Pre-incubation with coprostanol in control membranes completely prevented the 

effects of pregnanolone on [^H]-FNZ binding (figure 8.9). This effect of 

coprostanol resembles that of epicholesterol although there is a little structural 

congruity between these two sterols. The 5P-saturated ring structure and the 3^- 

OH of coprostanol does, however, find a match in epipregnanolone (5 P-pregnan- 

3p-ol-20-one) which has been reported to be a competitive antagonist of the 

potentiation of the [^H]-FNZ binding by pregnanolone (Prince and Simmonds, 

1992).

8.3.3 The influence of altering the 3p-OH group and the ring structure of 

cholesterol - explored using epicoprostanol

Effects on [^HJ-FNZ binding

Incubation of cholesterol depleted membranes with epicoprostanol failed to 

restore the elevated [^H]-FNZ to control values. This is similar to the effect 

of coprostanol but, unlike coprostanol, epicoprostanol significantly increased the 

[^H]-FNZ Bnjax (figure 8.4, table 8.1). Epicoprostanol pre-incubation of control 

membranes also showed a significant increase in [^H]-FNZ but this was 

accompanied by a substantial increase in K^. From these results, it seems as if 

pre-incubation with epicoprostanol has the same effect as acute exposure to 

pregnanolone on [^H]-FNZ binding. With regard to their chemical structures, 

both epicoprostanol (5P-cholestan-3a-ol) and pregnanolone (5P-pregnan-3a-ol- 

20-one) have a S^-saturated ring and a 3a-0H substituent. It appears, however, 

that the pregnanolone-like action of epicoprostanol only becomes apparent 

following loading into the membranes with the help of methyl-p-cyclodextrin. 

Acute application of epicoprostanol to the binding reaction in control 

membranes (figure 8.6) completely failed to affect the [%-FNZ binding.
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Effects on pregnanolone modulation o f [^H]~FNZ binding

The elevated [%-FNZ and values measured after pre-incubation of 

control membranes with epicoprostanol were not increased further when 

pregnanolone was added to the binding reaction. This is entirely compatible with 

the proposal that epicoprostanol had already fully activated the site of action of 

pregnanolone.

Hence, from these experiments, it is suggested that both the planar ring and the 3p-0H 

group of cholesterol are important structural features of the cholesterol molecule with 

respect to its interaction with the GAB receptor. For the effects of membrane sterols 

on [^H]-FNZ binding in the absence of pregnanolone, either a 3 p or a 3a-0H  substituent 

on a cholestene ring structure appears to be equivalent, but a 5P-cholestane ring 

structure with either a 3P or a 3a-0H did not mimick cholesterol. Thus, it is doubtful 

that the similar effects of cholesterol and epicholesterol on this measure reflect an 

influence of membrane fluidity unless coprostanol and epicoprostanol have a similar 

influence which is overridden by additional and a separate specific antagonism of 

cholesterol.

With regard to the effects of the membrane sterols on the action of pregnanolone on 

[%-FNZ binding, a 3a-0H substituent on a cholestene ring structure blocks 

pregnanolone as does a 3p-0H substituent on a SP-cholestane ring structure. A 3a-0H 

substituent on a 5 p-cholestane ring structure, however, appears to mimick pregnanolone. 

Thus, this line of inteipretation points to a specific GABA^ protein binding site for 

cholesterol which modulates [^H]-FNZ binding and the possibility of an additional 

influence of membrane fluidity. Cholesterol appears not to affect the pregnanolone 

binding site on the GABA^ receptor protein although other sterols do have effects.
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9.0 General Discussion

9.1 Receptor organisation

The cortical membrane fragments, used for most of the radioligand binding studies in 

this project, consisted mainly of synaptosomal fractions that contained nerve ending 

terminals with postsynaptic membranes attached to them. In contrast, the acutely 

dissociated hippocampal neurones, which are also used in this laboratory for 

electrophysiological studies, have most of their dendritic tree lost during preparation so 

the receptor population studied at the end are predominantly somatic. Receptors are 

mainly clustered at synapses whereas extra-synaptic receptors are more randomly 

distributed and there is evidence that on the cerebellar purkinje cells, GAB receptor 

clusters are located mainly on the dendrites whereas the receptors on the soma are 

diffuse (Essrich etal., 1998). Therefore, it is possible that GABA^ receptors localisation 

in the plasma membrane is different in the whole neurones to the ones in the cortical 

membrane fragments. Consequently, this may affect the nature of cholesterol modulation 

on the receptor properties in the two membranes. In addition, there are differences in the 

GABAa receptor subunit composition. The hippocampal neurones are enriched with 

subunit whereas the cerebral cortex has low levels of but has intermediate levels of 

« 1̂  (Mehta and Ticku., 1999, section 1.4.3-chapter 1).

The fibroblast membrane fragments, also used at one stage in the project, consisted of 

similar GABAy  ̂receptor subunit composition as the receptors in cortical membrane 

preparation; i.e both contained the subtype for central GABA^-benzodiazepine-l 

receptors. However, there were some variation in the results for the effects of cholesterol 

modulation on the GABA^ receptor in the fibroblast membrane fragments (chapter 7) 

and the cortical membrane fragments (chapter 4), which can be explain by differences 

in GABAa receptor organisation in these membranes. As reported before, gephyrin is 

essential for clustering and postsynaptic localisation of GAB Aŷ  receptors (Essrich etal,
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1998). It may be possible that fibroblast cell line express low levels of gephyrin and as 

a consequence the final membrane preparation consist mainly of diffuse GABA^ 

receptors. Further work is required to prove the validity of this hypothesis.

9.2 pH]-FNZ binding

All radioligand binding experiments detailed in this thesis used the benzodiazepine 

ligand [^H]-FNZ to monitor the interactions between various modulators of the GAB A^ 

receptor. Binding of [^H]-FNZ ligand to both neuronal and fibroblast membranes was 

temperature dependant; the apparent increased with increasing temperatures 

(Chapters 4 and 7). A change in membrane fluidity associated with phase transition of 

the membrane lipids is a possible explanation for the change in binding affinity when 

the assay temperature is increased.

One of the major findings of this thesis was th^ suggestion of a high and a low affinitv 
, I proposed

component for [ H]-FNZ binding in neuronal and fibroblast membranes. The^low

affinity component of [^H]-FNZ binding was shown to be more dominant than the high

affinity component in fibroblast membranes (chapter 7). The pharmacology of the two

components was very similar and both were identified as part of the GABA^ receptor

complex (chapter 6). proposal of two [^H]-FNZ components can be

explained if several benzodiazepine binding sites are assumed on one GABA^ receptor

complex. Each of these binding sites probably assume at least 2 different conformations:

one exhibiting a high and the other a low affinity for the benzodiazepine receptor

agonists. Similarly, it is also possible that the binding of [^H]-FNZ to one of the several

benzodiazepine sites on the GAB A^ receptor complex could allosterically change the

confirmation and thus the affinity of the other benzodiazepine binding sites on the same

receptor. Some evidence has arisen from recent site-directed mutagenesis studies, where

it has been suggested that two benzodiazepine sites of different affinities may be present

in one receptor complex (Dunn et al., 1999). In addition, experiments on recombinant

cells expressing the CC1P2Y2 GABA^ receptors also suggested more than one
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benzodiazepine binding site present within that subtype (Dunn et a l, 1999; Amin et al., 

1997; Im et a l, 1993). The best indication for the presence of multiple sites has been 

provided by photoaffinity labelling with [^H]-FNZ of brain extracts, where it was shown 

that covalent binding of one molecule destroys about four sites for reversible binding 

(Karobath and Supavilai, 1982; Sieghart andDrexler, 1983). However, the significance 

of this 2"̂  lower affinity benzodiazepine site or sites is still unknown.

So where are these binding sites located?

The exact subunit stoichiometry of native receptors is still unknown, but most recent

evidence indicates that recombinant cells expressing «Py subunit of GABAy  ̂receptor

consists mainly of 2a, 2P and ly  subunit (Farrar et a l, 1999) One likely arrangement

of these subunits within the pentamer has been suggested to be a-p-a-y-p (structure A).

However, the GAB A^ receptor containing 2a, 1P and 2y subunits may also be possible

but has been said to be energetically less favourable than the former one (Sieghart,

1995). If however, it does exist then the likely arrangement of these subunits in that

pentamer will be a-y-a-y P (structure B). The benzodiazepine binding sites are mainly

localised at the a-y subunit interface, although an additional benzodiazepine site has

been reported to lie at the p-y subunit interface (Im et a l, 1993). Thus, if these

combination were to exist in either neuronal membranes or in fibroblast membranes

studied in this project, then the structures A and B of GABA^ receptor could possibly

form two or four benzodiazepine binding sites, respectively. This would allow for the

presence of several benzodiazepine binding sites in a single GAB A^ receptor molecule,

which I may allow the possibility of a low affinity i component for [^H]-FNZ

binding observed here. 
sJch os

9.3 Cholesterol modulation of the GABA^ receptor

The lipid environment of an integral membrane protein, such as the 

benzodiazepine/GABAy^ receptor complex, would be expected to influence the
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conformational state of the receptor protein, and hence the ligand affinity for the 

receptor, as well as influence the various modulatory sites on the GABA^ receptor. 

Already, it has been reported that the addition of more cholesterol in dissociated 

hippocampal neurons affects the potentiation of GABA^ currents (Sookswate and 

Simmonds, 1998) and the addition of extra cholesterol in cerebral cortex membranes 

affects the potentiation of various neurosteroids on the binding of [^H]-FNZ (Bennett 

and Simmonds, 1996; Schleper et at., 1998). In my project, cholesterol was also found 

to influence the GABA^ receptor by affecting the [^H]-FNZ binding in both cerebral 

cortical membranes and in recombinant fibroblast membranes. Generally, cholesterol 

can modulate the function of membrane proteins by either altering the bulk biophysical 

properties of the membrane lipid bilayer or directly interacting with the membrane 

protein (Yeagle, 1993). A well-characterised example for a direct interaction between 

cholesterol and the membrane protein is the nicotinic acetylcholine receptor (Femandez- 

Ballester et al., 1994; Narayanaswami et al., 1993). The results presented in my thesis 

also emphasises the special importance of cholesterol interaction with the GABAy  ̂

receptor and are discussed as fully as possible below.

9.3.1 The influence of cholesterol on pH]-FNZ binding to BNZ/GABAy  ̂receptor 

in neuronal membranes

Increasing or decreasing membrane cholesterol levels in cortical membrane fragments 

had a profound effect on the [^H]-FNZ binding properties. Cholesterol enrichment in 

neuronal membranes did not affect the low affinity [^H]-FNZ binding (chapter 6) but 

markedly reduced the number of high affinity [^H]-FNZ binding sites (chapter 4). One 

possible explanation for this result is that increased membrane cholesterol levels causes 

an increase in the orientational order of the lipid hydrocarbon chains of the membrane. 

This in turn reduces the free-volume available to GABA^ receptor protein for 

conformational changes and consequently inhibits the BNZ/GABA^ receptor function. 

Ultimately, this would result in an overall apparent reduction in the GABA^ receptor 

function. Enrichment of neuronal membranes with epicholesterol, the 3a-hydroxyl
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isomer of cholesterol, also showed the same effect as cholesterol enrichment in reducing 

the number of high affinity [^H]-FNZ binding sites. Since cholesterol is the main 

modulator of membrane fluidity and epicholesterol can change membrane fluidity as 

effectively as cholesterol (Gimpl et a l, 1997), it is tempting to ascribe the effects of 

cholesterol enrichment on GABrecep to r  to a decrease in bulk membrane fluidity of 

the lipid bilayer. However, a direct interaction of cholesterol acting as an antagonist at 

a specific site on the GABA^ receptor protein may also be possible.

In contrast to enrichment, depletion of cholesterol from the neuronal membranes shifted 

the high affinity [%-FNZ state to a lower affinity state as evidenced by a reduction in 

the affinity of [^H]-FNZ binding. Hence, it can be assumed that an equilibrium exists 

between the high and the low affinity state of the benzodiazepine binding sites on the 

GABAa receptor which is dependent on the amount of cholesterol present in the 

membrane. It is possible that cholesterol depletion and associated increase in membrane 

fluidity causes a reduction in the binding affinity. An increase in the temperature of the 

binding assays and thereby an increase in the membrane fluidity was also shown to 

reduce the [^H]-FNZ binding affinity in control and cholesterol depleted membranes 

(chapter 5). However, it is difficult to explain simply that the synergistic effects of 

cholesterol depletion and increased binding temperature on membrane fluidity accounts 

for a reduction in [%-FNZ binding affinity.

Another possible explanation for this change in binding affinity upon cholesterol 

depletion is that cholesterol normally modulates the GABA^ receptor function by 

directly interacting with the receptor protein and thereby induces a high affinity state of 

the receptor. Lack of cholesterol in the membranes will result in a change in the receptor 

conformation in the lipid bilayer that may consequently change the affinity of the 

benzodiazepine ligand by shifting the receptor from a high affinity state to a low affinity 

state. Similar effects of cholesterol depletion have been seen in other membrane 

proteins. Removal of cholesterol from the plasma membrane-containing oxytocin 

receptor significantly reduced the binding affinity for its ligand (Klein et al., 1995). In
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addition, cholesterol has specifically been required to maintain the normal function of 

many membrane proteins, such as the sodium and chloride coupled G ABA transporter 

and the L-glutamic acid transporter from rat brain (Shouffani and Kanner, 1990), Na"̂ , 

K^-ATPase (Vemuri and Phillipson, 1989), adenylate cyclase (Whetton et a l, 1983) and 

the NaVCâ "̂  exchanger (Vemuri and Phillipson, 1989). Cholesterol was also required 

to maintain an optimal ion channel activity for the nAch receptor (Fong and McNamee, 

1985, Fong and McNamee, 1986 and Sunshine and McNamee, 1992). The ability of 

cholesterol (chapter 5) and epicholesterol (chapter 8) to restore the high affinity [^H]- 

FNZ binding, when incubated in cholesterol depleted membranes, points to a special 

importance of the planar ring of cholesterol for its interaction with the GAB A^ receptor.

9.3.2 The influence of cholesterol on pH]-FNZ binding to ENZ/GABA^ receptor 

in fibroblast membranes

Even though fibroblast cells, transfected with human OC1P3Y2L subunits of the GABA^ 

receptor, can provide valuable information on the pharmacology of different subunits 

of the GABA^ receptor, the results from the study on fibroblast membranes suggested 

that the [^H]-FNZ binding is very sensitive to any change in the membrane cholesterol 

composition (chapter 7), One reason for this may be the artificially expressed receptors 

are not identical with the receptors expressed in vivo either by their subunit composition, 

their state of glycosylation or their aggregation by intracellular binding proteins such as 

gephyrin (Betz, 1998). The latter in particular may result in diffuse receptors that will 

show a different sensitivity to changes in membrane lipids.

9.4 Neurosteroid and propofol potentiation of pH]-FNZ binding

Many studies that show neurosteroids and propofol enhance [^H]-FNZ binding use a 

single concentration of [^H]-FNZ ligand and fail to show what property of [^H]-FNZ 

binding is being affected. In the present project, [^H]-FNZ binding carried out over a 

wide range of ligand concentration in the presence of neurosteroids (pregnanolone.

Page 210



Chapter 9: Final Discussion

alphaxalone and allopregnanolone) and propofol showed that [^H]-FNZ binding is 

increased due to an increase in the number of FNZ binding sites which is always 

accompanied by a reduction in the binding affinity (chapter 4). Further experiments 

showed that this enhancement occurred via an interaction with the^ow affinity state of 

the [%-FNZ binding (chapter 6). Pregnanolone also showed similar results in fibroblast 

membrane (chapter 7). Xf both a high and a low affinity state exists for [%-FNZ 

binding, it is assumed that each state has a characteristic affinity for that particular 

ligand. As postulated in chapter 4, a change in the equilibria between the binding states 

without altering the affinity of each state can explain the drug-induced changes on [^H]- 

FNZ binding. In the presence of neurosteroids and propofol, a shift in the equilibrium 

to a high affinity state from an intermediate or a low affinity state would increase the 

overall number of FNZ binding sites and will reduce the overall measured affinity. 

Although, neurosteroids and propofol act at a distinct site on the GABA^ receptor, it 

seems the mechanism by which they affect the [^H]-FNZ binding is identical.

9.4.1 The effect of cholesterol on neurosteroid and propofol potentiation of pH]- 

FNZ binding in neuronal membranes

The increase in [^H]-FNZ binding by neurosteroids and propofol was little affected by 

cholesterol enrichment or depletion. In fact, both increase and decrease in cholesterol 

content led to an increase in the number of [%-FNZ binding sites by neurosteroids and 

propofol. The corresponding binding affinity was always lower in cholesterol depleted 

membranes than that seen for cholesterol enriched or control membranes. A likely 

explanation for this effect is that the reduced affinity measured in the cholesterol 

depleted membranes without any neurosteroids or propofol may have reduced further 

in the presence of these drugs.

These results suggest that the potentiation of [^H]-FNZ binding by these modulatory 

drugs is normally optimised by normal cholesterol content of the native membranes. The 

effect of cholesterol on [^H]-FNZ binding was, however, different from the effects of
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cholesterol analogues. The increase in [^H]-FNZ binding by pregnanolone was blocked 

by incorporation of epicholesterol or coprostanol into control membranes and was 

occluded by incorporation of epicoprostanol, which has pregnanolone-like action on the 

[^H]-FNZ binding (chapter 8). Taken together, this line of interpretation points to a 

specific GAB protein binding site for cholesterol which allosterically modulates the 

effects of neurosteroids and propofol on [^H]-FNZ binding. While, this may be the 

mechanism for membranes with normal level of cholesterol or when extra cholesterol 

is added, a different or an additional mechanism may be accountable for when 

cholesterol is removed from the membranes.

In the case of cholesterol depletion, cholesterol may be removed from either the 

membrane bilayer or from its specific site on the GABA^ receptor. If cholesterol is 

removed from the membrane bilayer then a bilayer strain is induced which may be 

relieved by cholesterol flipping from one leaflet of the bilayer to the other. It is likely 

that cholesterol will flip from cytofacial leaflet to the exofacial leaflet as the cytofacial 

leaflet contains almost seven times as much cholesterol than the exofacial leaflet (Wood 

et a l, 1999). However, if cholesterol is removed from its specific binding site on the 

GAB A^ receptor then the exposed sites may be filled up again by cholesterol diffusing 

laterally from the cholesterol rich domains in the lateral plane of the bilayer. In order for 

this to happen, the cholesterol binding site must be in contact with the bilayer so that it 

can rapidly equilibrate with the cholesterol. Therefore, in both cases, if that indeed is the 

mechanism for cholesterol depletion, then cholesterol is replaced rapidly so it would not 

affect the modulatory action of neurosteroid or propofol on [^H]-FNZ binding. 

Additionally, a decrease in net membrane fluidity upon cholesterol depletion may also 

be responsible for the effect of these modulators on [^H]-FNZ binding.
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9.5 Site of action for neurosteroids on the GABA^ receptor

The allosteric regulation of GAB A^ receptor function by neuroactive steroids is believed 

to be achieved by a direct interaction with the GABA^ receptor at a novel neurosteroid 

recognition site and not via changes in the membrane fluidity. This notion was 

confirmed in the present results where increase in the binding temperature, and thus an 

increase in membrane fluidity, did not affect pregnanolone enhancement of [^H]-FNZ 

binding (chapter 5). More specifically, the neurosteroid binding site is believed to be on 

the extracellular part of the GAB A^ receptor since intracellularly applied neurosteroids 

showed no clear effects on the GABA^ receptor (Lambert et al., 1990). However, the 

present results suggest that neurosteroids may exert their effects on the transmembrane 

domain of the GABA^ receptor. This evidence came from the study where 

pregnanolone-like action of epicoprostanol only became apparent once it was loaded 

substantially into the membranes with the help of methyl-p-cyclodextrin. Acute 

application of epicoprostanol to the binding reaction in control membranes (chapter 8) 

completely failed to affect the [% -FNZ binding. Altogether, this suggests that the 

recognition site for pregnanolone and epicoprostanol is on the transmembrane segment 

of the GABA^ receptor, most likely at the level of the outer leaflet of the membrane 

bilayer.

9.6 Site of action for cholesterol on the GABA^ receptor

From the above discussion, the influence of cholesterol on the functional coupling 

between various sites on the GABA^ receptor offers two plausible mechanisms; a 

general effect of cholesterol on the bulk membrane fluidity and/or cholesterol interaction 

with a specific site on the GABA^ receptor. Both these mechanisms upon cholesterol 

modulation can allosterically affect the [^H]-FNZ binding and can enhance the action 

of neurosteroids and propofol on the GABA^ receptor. However )vhen s considering 

these mechanisms, the nature and the site of cholesterol enrichment and cholesterol 

depletion must be known in order to understand fully the effects of cholesterol on the

Page 213



Chapter 9: Final Discussion

GABA^ receptor. The membrane fragments used in this project will have both the 

exofacial (outer) and the cytofacial (inner) leaflet of the bilayer exposed to the 

cholesterol carrier systems. Therefore, any changes in membrane cholesterol levels upon 

cholesterol enrichment and depletion would be reflected in both the transbilayer leaflets 

and also possibly in the cholesterol domains of the lateral plane of the membrane.

From the present results, it is difficult to deduce whether cholesterol binding sites exist 

on the GABA^ receptor. Studies on the nAchR have shown that there are specific 

allosteric binding sites for cholesterol at the interstices between the subunits; on the 

lipid-protein interface (annular) or within the protein itself (non-annular). Since nAchR 

and GAB Aa receptors belong to the same superfamily of ligand ion channels and show 

homology between the subunits, it is possible that analogous cholesterol binding sites 

are present on the GABA^ receptor. Some evidence of cholesterol interacting with the 

GABAa receptor comes from the study where solubilisation and reconstitution of the 

GABA^ receptor into liposomes in a functional state appears to be dependent on the 

presence of rat brain lipids and cholesteryl hemisuccinate (Bristow and Martin, 1990). 

The study suggests that the effects of cholesterol are due to a specific interaction with 

the GABAŷ  protein and not due to alterations in the membrane fluidity.

9.7 Comparison with the electrophysiological studies

The main aim of carrying out [^H]-FNZ binding at a physiological temperature (21°C) 

was so that the results can be compared with the parallel electrophysiological 

experiments which were also performed in the same laboratory. On acutely dissociated 

hippocampal neurones taken from young rat, the potentiation of GABA^ currents by 

flunitrazepam was enhanced by cholesterol enrichment but was not affected by 

cholesterol depletion. This result is in contrast with the present data where cholesterol 

enrichment reduced the number of [^H]-FNZ binding sites and cholesterol depletion 

reduced the binding affinity. The potentiation of GABA^ currents by neuroactive 

steroids was enhanced in cholesterol depleted membranes which would accord with the
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effects of neurosteroids on [^H]-FNZ binding. However, GABA^ potentiation by 

neurosteroids was substantially reduced in cholesterol enriched whole neurones which 

is in contrast with the effects of neurosteroids on [^H]-FNZ binding in cholesterol 

enriched cortical membrane fragments. Furthermore, cholesterol enrichment did not 

affect the GAB Â  ̂potentiation by propofol whereas a converse effect of propofol was 

seen on [^H]-FNZ binding. By looking at these results, it is not possible to make any 

useful comparison between the effects of cholesterol on neuronal membrane fragments 

and on whole neurons. The presence of several major differences in the designs of the 

two studies may be the cause of the variation in the results. For example:

• The [^H]-FNZ binding studies are performed on cerebral cortex membranes from 

adult rats while the electrophysiological studies are achieved on hippocampal 

neurones from immature rats.

• The level of cholesterol enrichment and depletion achieved is greater in [^H]- 

FNZ binding experiments than the electrophysiological experiments.

• Only the exofacial leaflet of the whole neurones are exposed to changes in 

membrane cholesterol whereas both the cytofacial and the exofacial leaflets of 

the cortical membrane fragments are exposed to alteration in membrane 

cholesterol levels.

• The subunit composition of GABA^  ̂receptors in the hippocampal neurons is 

different from the ones in cortical membranes which may also contribute to 

different patterns on the potentiation of GABA^ currents and on [^H]-FNZ 

binding.

• As explained before, receptor clustering in the acutely dissociated neurons will 

probably be less prominent than in the synaptososmal membranes.

Hence, cholesterol modulation of [^H]-FNZ binding to neuronal membrane fragments 

and of GABA-evoked responses in whole neurons reflect different and distinct 

properties of the GAB Â  ̂receptor. It remains to be decided which of these studies are 

crucial for determining the nature of cholesterol interaction with the GAB A^ receptor.
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9.8 Physiological implication of cholesterol interaction with the GABA^ 

receptor

The present in vitro experiments suggest that membrane cholesterol manipulation can 

influence the functional properties of the GAB receptor. The question whether there 

is a physiological significance of the dependence of the GAB A^ receptor function on 

cholesterol depends on the fluctuation of neuronal plasma membrane cholesterol in the 

CNS. Most of the brain cholesterol is found in the plasma membrane of cells and a large 

proportion of that is strongly associated with the myelination of axons. Majority of the 

cholesterol is synthesised in the brain locally and the blood brain barrier allows only a 

low exchange with the circulating cholesterol-containing lipoproteins (Ltitjohann et al., 

1996). The turnover of brain cholesterol is high in the fetus and the newborn animal and 

is very low as the animal matures (Wood et al., 1999). In fact, the estimated half life of 

brain cholesterol in an adult rat has been found to be 4-6 months (Ltitjohann et al.,

1996). Therefore, the whole brain levels of cholesterol is very stable. However, a 

fraction of cholesterol present in the grey matter may be more labile. Mice fed a diet 

containing 5% cholesterol for 8 weeks resulted in no significant change in the overall 

brain cholesterol levels but showed a 20% significant increase in cholesterol in the 

frontal cortex, which has less white matter than the brain as a whole (Howland et al., 

1998). Furthermore, the transbilayer cholesterol distribution of the synaptic plasma 

membranes has been reported to be modified in vivo. Chronic ethanol consumption in 

mice resulted in an approximately 2-fold increase in exofacial leaflet cholesterol in the 

chronic-treated mice compared with the control group. A corresponding decrease in 

fluidity of the exofacial leaflet and increase in fluidity of the cytofacial leaflet was found 

in ethanol-treated mice compared with the control mice (Wood et al., 1995). A similar 

redistribution of synaptic plasma membrane cholesterol has also been seen with ageing 

in mice. Older mice had more cholesterol in the exofacial leaflet than the younger mice 

(Igbavboa et al., 1996). Thus, it is possible that increasing or decreasing membrane 

cholesterol levels can modify the cholesterol distribution between the exofacial and the 

cytofacial leaflets.
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Alteration of cholesterol has also been proposed to be involved in several different 

pathophysiological conditions in the brain. In the peripheral nervous system, increased 

level of cholesterol is associated with coronary heart disease. In the brain, Nieman-Pick 

disease (NP-C) is associated with disrupted cholesterol homeostasis. NP-C neurological 

damage in patients includes dementia, seizures, visual disorders and movement disorder. 

Mutations in a gene NPC-1, which encodes a protein important for cellular cholesterol 

transport, are the cause of NP-C. This mutation leads to unesterified cholesterol 

accumulating in the cells leading to cell dysfunction and cell death (Wood et al., 1999). 

Alteration of cholesterol homeostasis is also associated with Alzheimer’s disease (AD), 

but the role of cholesterol in AD is not well understood. The neuritic plaques, composed 

mainly of aggregates of P-amyloid protein (AP), are characteristic of AD. Cholesterol 

has been found to bind to these aggregated Ap with nanomolar affinity (Avdulov et al.,

1997). Depletion of 70% neuronal cholesterol has been shown to inhibit the generation 

of Ap in cultured hippocampal neurones (Simons et al., 1998). The apoE4 allele of the 

apolipoprotein E (apo E) gene is also associated with AD. Cholesterol content was 

shown to significantly increase in frontal grey matter of AD patients with the apo E4 

gene phenotype when compared with the control subjects who also had the apo E4 gene 

phenotype (Sparks, 1997). However, another study concluded that brain cholesterol 

levels may be lower in AD patients than the cholesterol content in non-demented 

subjects (Mason et al., 1992). Furthermore, a reduced cholesterol content in synaptic 

plasma membranes was reported in apo E4 knockout mice, with a preferential reduction 

in the cytofacial leaflet (Igbavboa, 1997).

The cumulative evidence presented above demonstrates that cholesterol is necessary for 

optimal brain function. Either too little or too much cholesterol can disrupt neuronal 

structure and function. Moreover, the fact that cholesterol content and its distribution has 

been shown to be labile in grey matter and, more specifically, in the synaptic plasma 

membrane gives a new motive for studying membrane proteins interaction with 

membrane lipids. The membrane protein whose function has previously been affected 

by cholesterol include the adenylate cyclase (Whetton et a l, 1993), a GAB A transporter
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(North & Fleisher, 1993), the nicotinic acetylcholine receptor (Jones and McNamee, 

1988), the rhodopsin receptor (Mitchell et at., 1990), the oxytocin receptor and the brain 

cholecystokinin receptor (Klein et al., 1996; Gimpl et al., 1997) and the GABA^ 

receptor (Bennet and Simmonds, 1996; Schleper et al., 1997; Sooksawate and 

Simmonds, 1998, chapter 4). The results from this thesis clearly indicates that any 

alteration in membrane cholesterol can affect the modulatory actions of various agents 

such as benzodiazepines and neurosteroids on the GAB Aŷ  receptor. Therefore, it seems 

likely that any fluctuation in circulating cholesterol in the CNS will have great 

implication on the function of GABA^ receptor.

9.9 Future perspectives

As stated above, the variation in results between the synaptososmal data and the 

fibroblasts data could be due to the differences in the GAB A^ receptor organisation in 

these membranes. It would, therefore, be important to study the influence of cholesterol 

on GAB Aa receptor expressed in cell lines with and without proteins such as gephyrin 

that promote receptor clustering. Since different regions of brain express different 

subunits of GABA^ receptors, it may also be interesting to explore the effects of 

cholesterol on GABA^ receptors in these brain areas.

GAB A^ receptor belongs to the same ligand-gated ion channel family as the strychnine 

glycine receptor, 5-HTg receptor, NMDA and the AMPA receptors. It would therefore 

be intriguing to study the influence of membrane cholesterol on these receptors. The 

glycine-gated Cl' channel will be of particular relevance to investigate as it forms the 

other major receptor for the fast inhibition in the CNS. The mechanisms whereby 

cholesterol influences the GAB A^ receptor are still not clear, and more experiments will 

be needed to understand and distinguish whether the proposed effects results from 

changes in membrane fluidity or from direct interaction of cholesterol with a specific 

recognition site on the GABAy  ̂ receptor. Changes in membrane fluidity might be 

expected to affect a wider range of membrane proteins whereas the direct effects on a
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membrane protein seems to be more specific, more varied and consequently more 

difficult to predict. However, several different techniques have been used previously to 

distinguish between the two mechanisms. Membrane fluidity could be evaluated by the 

steady-state anisotropy measured by 1,6-diphenyl-1,3,5-hexatriene fluorescence (Gimpl 

et al., 1997). The fluorescence quenching method with brominated cholesterol (5,6- 

dibromocholestan-3p-ol) can be used to determine the cholesterol binding sites at the 

GABA^ receptor. More specifically, the novel photoreactive analogue of cholesterol, 

['^^IJazido-cholesterol, can be used to label the binding domain for cholesterol at 

different subunits of the GABA^ receptor (Corbin et al., 1998).

Besides cholesterol, other plasma membrane lipids can also have an influence on the 

modulatory action of GABA^ receptor. This may be investigated by reconstituting 

solubilised GABA^ protein into liposomes of known lipid content. More work is also 

needed to clarify the disposition of cholesterol in cholesterol enriched and cholesterol 

depleted membranes, specifically regarding the distribution of cholesterol between the 

exofacial and the cytofacial leaflets, which appears to be of significance in certain 

pathological conditions, as described above.
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