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Alcohol and volatile anesthetics enhance the function of the glycine receptor 

(GlyR), an inhibitory neurotransmitter-gated ion channel.  Increasing evidence suggests 

that this enhancement results from direct interactions of these drugs with a binding 

pocket located between the transmembrane domains of each of the five subunits that 

compose a GlyR.  We hypothesized that only one of the five binding pockets per receptor 

pentamer need be occupied by drug in order to achieve enhancement of receptor function.  

To test this hypothesis, a serine to cysteine point mutation at binding pocket residue 267 

(S267C) was utilized for its ability to be covalently labeled by the thiol reagent propyl 

methanethiosulfonate (PMTS).  By coinjecting Xenopus oocytes with increasing ratios of 

wt:S267C cDNAs, heteromeric GlyRs containing a single S267C subunit were expressed.  

Using two-electrode voltage clamp electrophysiology, we observed that PMTS labeling 
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of these receptors resulted in irreversible enhancement of receptor currents, indicating 

that drug occupancy of one binding pocket per receptor pentamer is sufficient to enhance 

GlyR function.  We next investigated the possibility that binding pocket residues might 

directly influence the channel gate by examining the effects of point mutations at two 

such residues on channel kinetics.  Single-channel recordings of an alanine 288 to 

tryptophan (A288W) mutation in HEK 293 cells revealed a large increase in the stability 

of the channel open state, while single-channel recordings of an S267 to glutamine 

(S267Q) mutation demonstrated a large destabilization of the channel open state.  Despite 

significant evidence that volatile anesthetics enhance GlyR function, the single-channel 

kinetics underlying this modulation remain unknown.  We examined halothane and 

isoflurane modulation of wild type GlyR single-channel activity in outside-out patches 

pulled from transiently transfected HEK 293 cells.  Analysis revealed that these volatile 

anesthetics enhance receptor function by stabilizing the channel open state, increasing the 

mean duration of bursts of openings, and increasing the mean number of openings per 

burst.  These data indicate that volatile anesthetics enhance GlyR function through kinetic 

mechanisms similar to those by which allosteric modulators enhance GABAA receptor 

function. 
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1.0 Introduction 

 

 

1.1 Alcohol and volatile anesthetics 

 Ethyl alcohol is a simple, two-carbon organic compound with pharmacological 

properties that have been valued by humankind for millennia.  Produced by yeast as a 

byproduct of anaerobic sugar metabolism, ethyl alcohol (also referred to as ethanol or 

alcohol) can be found in nature when ripened fruit begins to spoil (Dudley, 2002).  

Archaeological evidence indicates that alcohol has been a significant component of 

human civilization since the Neolithic period (8500-4000 B.C.).  Chemical analyses of 

pottery vessels recovered from a Neolithic village in the Henan province of China 

suggest that humans learned to harness the power of fermentation to produce alcoholic 

beverages from rice, honey, and fruit as early as 7000-6000 B.C. (McGovern et al., 

2004).  A pottery jar excavated from the Zagros mountains of present-day Iran suggests 

that wine has been produced from the fermentation of grapes since at least 5400-5000 

B.C. (McGovern et al., 1996).  Not far from this site, a pottery vessel dated to the latter 

half of the fourth millennium B.C. yielded evidence of the earliest known example of 

beer production (Michel et al., 1992).   

 Historically, humans have consumed alcohol for a variety of reasons (McGovern, 

2003).  Alcohol hinders the growth of microorganisms, making fermented beverages 

safer to drink than water from many natural sources.  For centuries, alcohol was thought 
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to have curative properties and was added to medicines, elixirs, and tonics.  Alcohol has 

long played a role in myriad social and religious rituals.  At seven calories per gram, 

alcohol even has some nutritive value.  Despite all of this, the major driving force behind 

alcohol consumption throughout history can almost certainly be attributed to the 

psychotropic effects of this compound. 

Acute alcohol consumption produces several physiologically significant effects 

(Fleming et al., 2001).  At commonly consumed doses, the most relevant effect of alcohol 

is to depress central nervous system (CNS) function.  Most people are familiar with the 

anxiolytic aspect of this CNS depression as it underlies the behavioral disinhibition that 

accompanies intoxication.  This disinhibition can cause people to feel more gregarious in 

social settings, leading some to refer to alcohol as a social lubricant.  Alcohol depression 

of CNS function also causes sedation, diminishes reaction time, impairs motor function, 

and impedes decision-making abilities.  Alcohol is known to promote changes in mood 

ranging from euphoria to depression to anger, and in some cases causes rapid mood 

swings and violent behaviors.  At higher doses, alcohol acts like a general anesthetic, 

producing unconsciousness, but because the anesthetic therapeutic index of alcohol is 

very slim, such doses of alcohol often lead to death due to severe respiratory depression.  

Peripherally, alcohol causes vasodilation, which results in heat loss and may in extreme 

cases cause hypothermia, diuresis, and impaired sexual function.   

 Alcohol abuse is a major problem in modern society.  A detailed analysis of the 

overall economic cost of alcohol abuse in the United States for the year 1992 was 
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estimated at $148 billion (Harwood et al., 1999).  That amount represents well over half 

of the $246 billion economic cost estimated for drug and alcohol abuse combined. 

Roughly adjusted for inflation, $148 billion represents over $200 billion in today’s 

dollars.  It is estimated that 4.65% of the U.S. population over age 18 abuses alcohol, and 

3.81% of the population is dependent on alcohol (Grant et al., 2004).  In 2002, alcohol 

intoxication contributed to over 13,000 traffic fatalities, accounting for 30.5% of all 

traffic related deaths (Yi et al., 2004).  Chronic alcohol consumption is associated with 

alcohol abuse and dependence and can result in a number of health related problems, 

including hypertension, increased likelihood of stroke, cirrhosis of the liver, malnutrition 

associated with insufficient intake of proteins and vitamins, and anemia (Fleming et al., 

2001).  When consumed during pregnancy, in utero alcohol exposure can cause children 

to develop fetal alcohol syndrome, a condition characterized by craniofacial 

abnormalities, CNS dysfunction, and stunted growth (Bertrand et al., 2005).  Despite the 

widespread prevalence of alcohol use and the myriad costs to society of alcohol abuse, 

the molecular mechanisms underlying the acute and chronic effects of alcohol exposure 

are currently not very well understood.   

 Volatile anesthetics are small organic compounds that readily vaporize at room 

temperature and which possess the ability to induce an anesthetic state when inhaled in 

sufficient amounts.  As these compounds are employed in nearly all clinical procedures 

requiring general anesthesia, it is impossible to conceive of modern medicine and 

especially modern surgery without volatile anesthetics.  The first genuine use of a volatile 
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anesthetic to produce anesthesia for a surgical procedure was in 1846 (Beattie, 2001).  

William T. G. Morton, a dentist and second-year medical student at Massachusetts 

General Hospital in Boston, demonstrated that diethyl ether produced a reversible state of 

unconsciousness during which a surgical procedure could be conducted without 

noticeable discomfort to the patient.  News of this innovation spread rapidly throughout 

the U.S. and Great Britain and the use of diethyl ether during surgical procedures was 

quickly adopted.  Since that time, many other volatile anesthetics have been developed 

and tested.  Some of these are now favored in clinical use over diethyl ether and other 

early anesthetics such as chloroform because they have fewer side effects and produce a 

more controllable state of anesthesia.  Examples of currently used volatile anesthetics 

include isoflurane, sevoflurane, desflurane, enflurane, and halothane. 

 The anesthetic state is more complex than the term unconsciousness implies, and 

is in fact generally broken down into several major, clinically important physiological 

components.  These components include immobility, amnesia, hypnosis, sedation, and 

analgesia (Urban and Bleckwenn, 2002; Rudolph and Antkowiak, 2004).  Immobility is 

perhaps the most important component of anesthesia from the surgeon’s perspective.  

Before the use of general anesthetics, surgical procedures required forceful restraint of 

the patient, making it difficult if not impossible to conduct precise, complex surgeries.  

Volatile anesthetics prevent the patient from moving, even in response to noxious stimuli.  

Data suggest that immobility results from anesthetic effects on the spinal cord (Sonner et 

al., 2003).  The amnestic effects of volatile anesthetics prevent patients from 
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remembering anything about time spent in the anesthetic state and are critical to limiting 

the psychological trauma associated with undergoing surgery.  Amnesia is induced by 

lower concentrations of volatile anesthetics than immobility, and it appears that 

alterations in hippocampal function underlie anesthetic amnesia (Dutton et al., 2001; 

Caraiscos et al., 2004).  Hypnosis and sedation are closely related effects, although recent 

evidence suggests they may be mediated by separate mechanisms (Rudolph and 

Antkowiak, 2004).  The hypnotic state, often referred to as unconsciousness, blocks the 

patient’s awareness of environmental stimuli and is sometimes compared to a state of 

sleep.  Although volatile anesthetics are commonly thought to possess some analgesic 

properties, it is not clear whether the apparent blunting of pain responses is actually due 

to analgesia or rather to the immobilizing and hypnotic effects of anesthetics.  For this 

reason, opiates are generally co-administered with volatile anesthetics. 

 In the study of the effects of volatile anesthetics on endpoints ranging from 

whole-animals to single molecules, it is critically important that standard, physiologically 

relevant drug concentrations be utilized.  In 1965, Edward Eger defined such a standard 

measure of anesthetic potency, and he called this measure MAC, short for Minimum 

Alveolar Concentration (Eger et al., 1965).  MAC refers to an anesthetic concentration 

that makes 50% of subjects unable to respond to noxious stimuli.  Thus, MAC values are 

strongly connected to the immobilizing effects of volatile anesthetics.  For surgical 

procedures, anesthesiologists generally administer 1.0 to 2.0 MAC concentrations of 

volatile anesthetics. 
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 As with alcohol, the molecular mechanisms underlying the effects of volatile 

anesthetics remain unclear.  Because alcohol and volatile anesthetics produce many of the 

same physiological effects and possess overlapping chemical properties, these 

compounds are often grouped together in the search for the molecular underpinnings of 

alcohol and anesthetic pharmacology.  Increasing evidence from numerous studies over 

the past few decades suggests that neurotransmitter activated ion channels may be the 

critical molecular targets of these drugs.  The following sections provide an overview of 

what is currently known about these ion channels and how alcohol and volatile 

anesthetics affect their function. 
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1.2 The Cys-loop family of ligand-gated ion channels 

 Neurons communicate with one another primarily through chemical synapses 

where neurotransmitter molecules released from the presynaptic neuron diffuse across the 

synaptic cleft and bind to receptors on the postsynaptic neuron.  Receptors known as 

ligand-gated ion channels (LGICs) are activated by the binding of neurotransmitter (i.e. 

ligand), causing them to open an integral ion channel through which specific ions are 

permitted to flow across the cell membrane.  This flow of ions can lead to a change in the 

membrane potential and ultimately the excitability of the postsynaptic neuron.  In this 

way, LGICs play a major role in shaping the response of postsynaptic neurons to 

presynaptic stimuli.   

 There are three families of LGICs, each defined by certain structural features.  

The Cys-loop family is the largest of the three and is so named for a conserved cysteine 

loop in the extracellular domain.  Members of this family include the nicotinic 

acetylcholine receptor (nAChR), 5-HT3 (serotonin) receptor, γ-aminobutyric acid A 

(GABAA) and C (GABAC, also known as GABA ρ) receptors, and glycine receptor 

(GlyR).  These receptors are composed of five subunits surrounding a central pore, with 

each subunit passing through the membrane four times, i.e. possessing four 

transmembrane (TM) domains (Barry and Lynch, 2005).  Glutamate receptors comprise a 

second family of LGICs.  These receptors are composed of four subunits surrounding a 

central pore with each subunit possessing three TM domains plus one domain that enters 

and leaves the membrane without actually crossing it.  Glutamate receptors are divided 
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into three subfamilies named for pharmacological agents that activate them.  These 

subfamilies include the N-methyl-D-aspartate (NMDA) receptors, α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors, and kainate receptors (Mayer, 

2005).  P2X receptors make up the third family of LGICs.  These receptors are composed 

of three subunits, each of which has two TM domains.  Receptors in this family differ 

from those in the first two families in that they are activated by extracellular ATP, a 

compound that is not a conventional neurotransmitter in the sense of being released from 

synaptic vesicles at fast chemical synapses.  Seven subunits, denoted P2X1 – P2X7, have 

been identified as belonging to the P2X receptor family (North, 2002).   

 The Cys-loop family is the largest and most diverse of the three LGIC families.  

The nAChR is considered the prototypical member of this family since it was the first 

receptor of any type to be identified (Langley, 1907) and was the first to be characterized 

through electrophysiology (Katz and Thesleff, 1957).  The extremely high concentration 

of nAChRs in the Torpedo califonica electric organ facilitated the purification of 

nAChRs and the eventual determination of the DNA and amino acid sequences coding 

for nAChR subunits (Weill et al., 1974; Noda et al., 1983).  We now know that there are 

five classes of nAChR subunits denoted α, β, γ, δ, and ε and within these classes there are 

seventeen subunit subtypes (Karlin, 2002).  This diversity of subunits is common among 

receptors in the Cys-loop family.  In humans, there are currently five known subunits in 

the 5-HT3R family, seventeen in the GABAAR family, two in the GABACR family, and 

four in the GlyR family (Niesler et al., 2003; Hevers and Luddens, 1998; Chebib, 2004; 
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Legendre, 2001).  Since many Cys-loop receptors are expressed as heteromers composed 

of two or more types of subunits, subunit diversity allows for the formation of receptors 

with a broad range of functional and pharmacological properties (Role and Berg, 1996).  

Thus, individual cell types can express different combinations of subunits to produce 

receptors that possess properties useful to the particular communication and processing 

needs of that cell type. 

 Due to the inherent difficulties in crystallizing membrane proteins, crystal 

structures of Cys-loop receptors have so far been unattainable.  The availability of 

nAChRs at high densities in the Torpedo electric organ, however, has allowed the 

structure of the nAChR to be examined at increasingly high resolutions.  Starting with 

crystallized postsynaptic membranes from Torpedo marmorata, Nigel Unwin’s group at 

Cambridge used electron microscopy and image reconstruction algorithms to obtain a 

detailed structure of the nAChR at 17 Å resolution (Toyoshima and Unwin, 1988).  Over 

the next fifteen years, Unwin and colleagues repeatedly improved upon their sample 

preparation and electron microscopy techniques and especially upon their reconstruction 

algorithms to arrive at a structure of the nAChR at 4 Å resolution (Miyazawa et al., 

2003).  A second group of investigators employed a different but complimentary 

approach to examining the structure of the nAChR.  This group, led by Titia Sixma in 

The Netherlands, recognized that the acetylcholine binding protein (AChBP) of the snail 

Lymnaea stagnalis shares 20-24% sequence identity with human nAChR extracellular 

domains and binds many of the same drugs that act on human nAChRs (Brejc et al., 
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2001).  Because snail AChBP is a soluble protein, it lacks the transmembrane regions 

associated with the nAChR channel.  This deficit, however, made AChBP an excellent 

candidate for analysis through X-ray crystallography, allowing Brejc et al. to determine 

its crystal structure at 2.7 Å resolution.  Many aspects of the Unwin and Sixma structures 

have confirmed findings from previous molecular and electrophysiological studies, while 

other aspects have provided testable hypotheses that have been confirmed or refined by 

subsequent studies (Karlin, 2002).  In one striking example of this, investigators used 

molecular techniques to dock the AChBP to the pore region of 5-HT3AR and then used 

electrophysiology to demonstrate that this chimera produced functional receptors (Bouzat 

et al., 2004). 

Based on these structural studies, we know that nAChRs are composed of five 

homologous subunits arranged around a central, ion-conducting pore.  The Torpedo 

electric organ nAChR is a heteromer of four types of subunits arranged in the order of α, 

β, δ, α, γ (clockwise when viewed from the extracellular side of the membrane).  Each 

subunit is composed of a large, extracellular N-terminal domain, four transmembrane 

domains, a sizeable intracellular TM3-TM4 linker region, and a short, extracellular C-

terminal domain.  The extracellular N- and C-termini of all five subunits in the nAChR 

pentamer come together to form the ligand-binding domain with agonist binding sites 

located at the interfaces between subunits.  Heteromeric nAChRs possess two agonist 

binding sites located between the α subunits and the neighboring γ, ε, or δ subunits.  

Homomeric nAChRs, which can be formed by certain of the α subunit subtypes, possess 
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five agonist binding sites, one between each adjacent pair of subunits.  The extracellular 

domain is composed of a β-sandwich core made up of ten β-strands denoted β1-β10, one 

α-helix, and regions of discontinuous structure called loops (Unwin, 2005).  Some of 

these loops, labeled A-F, have been shown to mediate agonist binding, with loops A-C 

located on α subunits and D-F located on the adjacent subunit (γ, ε, or δ in heteromeric 

receptors or another α in the case of homomeric receptors).  The signature Cys-loop is 

also found in the extracellular domain.  Structural data places the Cys-loop at the 

interface between the extracellular and TM domains, suggesting a possible role for the 

Cys-loop in transduction of the agonist binding signal to the channel pore.   

The TM domains of each subunit consist of four α-helices, TM1-TM4, connected 

to the N-terminal domain through TM1.  The TM domains in the receptor pentamer are 

packed into two rings.  The inner ring is composed of all five TM2 domains.  These 

domains line the channel pore and form the channel gate.  The outer ring or outer shell is 

composed of the fifteen remaining TM domains, with TM1 and TM3 closely apposed to 

TM2, and TM4 situated at the outer edge of the membrane-bound region, forming what 

look like the points on a five-pointed star when the channel is viewed normal to the plane 

of the membrane.  The TM α-helices are connected to one another through loops, with 

the TM1-TM2 and TM3-TM4 linkers located intracellularly and the TM2-TM3 linker 

located extracellularly.  The TM2-TM3 linker extends into the extracellular domain, 

interacting with the β1-β2 loop and the Cys loop.  The interaction between these domains 
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has been implicated in playing a critical role in transducing the agonist binding signal to 

the channel gate (Kash et al., 2003).   The TM3-TM4 linker is a large domain whose 

structure has not been completely determined but is known to contain a curved α-helix.  

This domain contains putative sites where kinases phosphorylate the Cys-loop receptors 

and where scaffolding proteins bind to the receptors, anchoring them to the cytoskeleton. 

The structures of the other members of the Cys-loop family of LGICs are highly 

homologous to that of the nAChR.  In fact, several groups have been able to utilize the 

Unwin and Sixma structural data to generate homology models of the 5-HT3AR, 

GABAAR, and GlyR (Reeves et al., 2003; Maksay et al., 2003; Trudell and Bertaccini, 

2004; O'Mara et al., 2005; Bertaccini et al., 2005).  These models are optimized through 

calculations that determine the best positioning of amino acids based on the principles of 

physical chemistry and through the incorporation of previous knowledge about the 

orientation, molecular environment, and functional roles of specific amino acids obtained 

from molecular and electrophysiological studies.   

 Despite their structural similarities, the Cys-loop LGICs play significantly 

different functional roles depending upon which ions they permit to pass through their 

pores.  Overall, the receptors can be divided into cation-conducting and anion-conducting 

groups.  The nAChR and the 5-HT3R have pores that are heavily lined with negative 

charges and which therefore preferentially conduct cations (Unwin, 2005).  In practice, 

this means that when nAChRs and 5-HT3Rs open they tend to allow the flux of Na+ and 

to lesser extent Ca2+ ions into the cell.  These inward currents depolarize the cell and can 
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lead to action potential generation.  For this reason, nAChRs and 5-HT3Rs are referred to 

as excitatory LGICs.  The GABAAR, GABACR, and GlyR have pores heavily lined with 

positive charges and which accordingly preferentially allow the passage of anions 

(Unwin, 2005).  Since the major anion in both the intracellular and extracellular milieus 

is Cl-, these receptors predominately conduct Cl-.  The Cl- reversal potential (ECl) is often 

near the resting membrane potential (Vm), and so when GABA or Gly receptors open, the 

direction of Cl- flux is determined by Vm.  If Vm is positive relative to ECl, then the 

opening of GABA or Gly receptors will lead to an influx of Cl- (called an outward current 

by convention) and hyperpolarization of the membrane potential.  This is considered an 

inhibitory current since it moves the membrane potential away from the threshold 

potential for action potential firing.  If Vm is negative relative to ECl, then the opening of 

GABA or Gly receptors will lead to an efflux of Cl-.  Because ECl is rarely far from Vm, 

this current tends to be inhibitory as well since it makes it difficult for the membrane 

potential to move positive to ECl.  A slightly depolarizing current that is inhibitory is 

often called shunting inhibition.  Thus, GABAARs, GABACRs, and GlyRs are referred to 

as inhibitory LGICs.   

 Although the Cys-loop family of receptors can be divided into inhibitory and 

excitatory groups, they share common functional parameters.  All exhibit conformational 

states that can be categorized as closed, open, and desensitized.  These three states were 

first proposed by Katz and Thesleff in their landmark study on the function of nAChRs at 

the frog motor end-plate (Katz and Thesleff, 1957).  The closed state is the receptor’s 
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most stable conformation and the one in which it is found in the continued absence of 

agonist.  In this state, the channel gate is closed and the receptor pore presents an 

essentially impassable barrier to ions.  When agonist binds to a closed receptor, a signal 

is transmitted from the ligand-binding domain to the channel gate.  This signal can cause 

the channel gate to move to its open conformation, which in turn allows the channel pore 

to conduct ions and thus pass current into or out of the cell.  Compared to the closed and 

desensitized states, the open state is relatively short lived.  Dwells in the open state end 

when the receptor returns to the closed state, a transition often accompanied by agonist 

unbinding, or when the receptor enters the desensitized state.  The desensitized state is a 

refractory state in which agonist may be bound to the receptor or additional agonist may 

be applied to the receptor, but the channel pore is unable to conduct ions.  Dwells in this 

state are positively correlated with agonist concentration, indicating that channels 

desensitize in response to being highly liganded with agonist or as a result of the dwells 

in the open state that result from agonist binding.  It is currently unclear whether the 

channel gate is closed in the desensitized state or whether a separate conformational 

change is responsible for occluding the channel pore.  One study on the kinetics of 

nAChR desensitization has suggested that there is a separate desensitization gate that 

blocks the channel pore when the channel is desensitized (Auerbach and Akk, 1998).  

The rates at which receptors transition between the closed, open, and desensitized states 

determine how the binding of neurotransmitter will shape postsynaptic events.  If a 

receptor quickly transitions to the open state upon agonist binding, then neurotransmitter 
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release onto a postsynaptic membrane containing that receptor should promote a rapid 

change in postsynaptic potential.  Conversely, if the receptor transitions slowly, then the 

postsynaptic potential response will be slow.  Similar principles apply to how the rates 

for other state transitions affect postsynaptic responses (Jones and Westbrook, 1995; 

Jones and Westbrook, 1996).  

 The evolutionary history of the Cys-loop family was last examined in detail by 

Ortells and Lunt in 1995 (Ortells and Lunt, 1995).  These investigators constructed an 

evolutionary tree based on a phylogenetic analysis of alignments of conserved nucleotide 

sequences found in genes coding for the Cys-loop receptors.  Their findings suggest that 

the Cys-loop family shares a common ancestor gene that evolved some 2.5 billion years 

ago.  This primordial receptor probably predated the earliest eukaryotes and thus likely 

played some role in the detection of an environmentally relevant compound such as an 

essential nutrient.  The evolutionary tree also suggests that the anionic and cationic 

receptors separated early on, although a date for this split was difficult to pin down.  The 

oldest members of the family appear to be the 5-HT3AR and the GABAA δ1 subunit.  

Among the cationic receptors, 5-HT3 and nACh receptors appear to have split early on.  

The earliest of the nAChRs are those that can form functional homomeric receptors.  It 

also appears that the muscle-type and neuronal-type nAChRs diverged some 800-1400 

million years ago, presumably around the time of the development of muscle and 

neuronal tissues.  With the anionic-receptors, Ortells and Lunt arrived at the somewhat 

surprising conclusion that the GlyR was derived from the GABAAR about 1.5 billion 
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years ago.  The authors suggest that glycine may have been too common of a molecule in 

early evolutionary history to be useful for signaling. 
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1.3 The Glycine receptor 

 The GlyR is an inhibitory neurotransmitter receptor and a member of the Cys-

loop family of LGICs.   Glycine, the neurotransmitter that activates the GlyR and which 

is the simplest of the twenty naturally occurring amino acids, was first found to affect cell 

excitability in a 1955 study in which it was shown that glycine inhibited motoneuron 

firing (Coombs et al., 1955).  Subsequent studies confirmed that glycine application 

could inhibit neuronal firing, and when strychnine, an alkaloid derived from the seeds of 

the Strychnos nux-vomica tree, was shown to antagonize this inhibition, it became clear 

that there must be a receptor activated by glycine and antagonized by strychnine (Aprison 

and Werman, 1965; Werman et al., 1967; Curtis et al., 1967).  The ability of strychnine to 

selectively and potently bind to the GlyR was utilized in the early 1980’s by Heinrich 

Betz’s group to purify the GlyR from rat spinal cord (Pfeiffer and Betz, 1981; Pfeiffer et 

al., 1982).  In these studies, polyacrylamide gel electrophoresis indicated that the purified 

GlyR complex contained three polypeptides, the smallest of which (48 kD) bound 

strychnine.  With this accomplished, the Betz group was eventually able to clone and 

sequence the cDNA for the smallest of the three peptides, the α1 subunit of the GlyR 

(Grenningloh et al., 1987).  The α1 sequence made it immediately apparent that the GlyR 

is homologous to and belongs in the same family as the nAChR.  Three years later, the 

medium-sized polypeptide (58 kD) was cloned and found to be the β subunit of the GlyR 

(Grenningloh et al., 1990a).    
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 Homology screening approaches utilized the α1 sequence and brain and spinal 

cord cDNA libraries to clone cDNAs encoding the α2 and α3 GlyR subunits (Akagi et 

al., 1991; Grenningloh et al., 1990b; Kuhse et al., 1990).  An α4 subunit has also been 

cloned from mouse, chick, and zebrafish, but this subunit is apparently missing from the 

human and rat genomes (Matzenbach et al., 1994; Harvey et al., 2000; Devignot et al., 

2003).  No studies to date have been able to identify any additional β subunit genes.  

Thus, the GlyR family appears to consist of three or four α subunits, depending on 

organism, and one β subunit. 

 Functional GlyRs result from the assembly of five subunits around a central pore 

(Langosch et al., 1988).  The GlyR α subunits are capable of forming fully functional 

homomeric receptors (Legendre, 2001).  The β subunit is not capable of forming 

functional receptors on its own, but it is critical for GlyR clustering at synapses (see 

below) and it seems likely that most GlyRs in adult animals are αβ heteromers.  Initial 

studies indicated that heteromeric GlyRs had a subunit stoichiometry of 3 α to 2 β 

subunits, and for years this was the accepted view (Langosch et al., 1988).  A recent 

study, however, has provided strong evidence that heteromeric GlyR stoichiometry is 

actually 2 α to 3 β (Grudzinska et al., 2005).  Since this result has not yet been 

confirmed, the subunit stoichiometry of GlyRs remains controversial for now.  Receptor 

assembly appears to be controlled by domains termed assembly boxes located in the 

extracellular, N-terminal domain (Kuhse et al., 1993; Griffon et al., 1999).  These 
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assembly boxes are responsible for preventing the β subunit from forming 

homopentamers, but allow α subunits to form homopentamers or to form 

heteropentamers with other α subunit subtypes, with subunit stoichiometry determined by 

the relative abundance of subunit subtypes.   

 Even before any GlyR subunits were cloned, immunofluorescence studies 

indicated that GlyRs appear in a distinctly punctate manner at postsynaptic densities 

(Triller et al., 1985).  It was subsequently found that this receptor clustering requires the 

β subunit and does not occur with homomeric α GlyRs.  The β subunit promotes spatial 

localization of the GlyR through its interactions with gephyrin, an intracellular 

scaffolding protein that links the β subunit, and thus αβ heteromeric GlyRs, to the 

microtubule cytoskeleton.  When Betz’s group first purified the GlyR, they reported the 

presence of three polypeptides of Mr = 48, 58, and 93 kD (Pfeiffer et al., 1982).  The 48 

and 58 kD bands were later identified as the GlyR α and β subunits.  The 93 kD band 

was cloned and sequenced in 1992, also by Betz’s group, and because it bound to both 

the β subunit and to tubulin, it was named gephyrin after the Greek word for bridge (Prior 

et al., 1992).  Gephyrin specifically interacts with an 18 amino acid domain in the TM3-

TM4 linker of GlyR β subunits, and when this domain was added to α1 subunits, these 

subunits gained the ability to bind to gephyrin (Meyer et al., 1995).  Knock-down of 

gephyrin by antisense oligonucleotides in rat spinal neurons or a complete genetic knock-

out of gephyrin in mice successfully abolished GlyR clustering and confirmed the 



20 

importance of gephyrin in GlyR localization (Kirsch et al., 1993; Feng et al., 1998).  A 

number of studies have led to the identification of additional accessory proteins that 

appear to form part of a complex associated with the GlyR (Kneussel and Betz, 2000a; 

Kneussel and Betz, 2000b).  It is likely that these proteins play a significant role in 

determining GlyR localization, turnover rates, and even in regulating certain aspects of 

GlyR function. 

 GlyRs are expressed throughout the central nervous system, but are the 

predominant inhibitory LGICs in the brainstem and spinal cord (Legendre, 2001; Lynch, 

2004).  Autoradiography with [3H]strychnine indicates that GlyRs are expressed widely 

throughout the gray matter of the spinal cord but are localized to specific nuclei within 

the brainstem (Zarbin et al., 1981; Probst et al., 1986).  Immunolabeling studies largely 

corroborate the autoradiography studies, but also find GlyRs present in the cerebellum 

and olfactory bulb (Araki et al., 1988; van den Pol and Gorcs, 1988; Takahashi et al., 

1992).  In situ hybridizations of adult rat brain and spinal cord tissue using GlyR subunit 

specific probes found GlyR α1 subunits expressed mostly in spinal cord but also in the 

colliculi, α2 subunits expressed in layer VI of the cerebral cortex and in the 

hippocampus, α3 subunits expressed in the cerebellum, olfactory bulb, and hippocampus, 

and β subunits, surprisingly, expressed widely throughout the brain (Malosio et al., 

1991).  During development, the α2 subunit was present prenatally and remained the only 

α subunit until α1 and α3 subunit expression increased after birth.  β subunits were 



21 

detected in embryos and their presence increased after birth.  Why β subunits are 

expressed in so many brain regions where α subunits are not expressed remains a 

mystery.  This may be an artifact of evolution or may hint at a secondary function for the 

β subunit. 

 The abundance of GlyRs in the spinal cord coincides with the role this receptor 

plays in mediating spinal reflexes and other locomotor behaviors as well as in regulating 

pain signaling pathways (Legendre, 2001; Lynch, 2004).  GlyRs in the brainstem have 

been shown to perform many functions in the processing of auditory sensory information 

(Ferragamo et al., 1998; Lim et al., 2000; Turecek and Trussell, 2001).  The role of 

GlyRs in the cerebellum is not yet well understood.  GlyRs also appear to function in the 

rod pathway of the retina and in the acrosome reaction of spermatazoa, and some 

evidence suggests that they may play roles in the pancreas, adrenal chromaffin cells, and 

in Kupffer cells of the immune system (Lynch, 2004).   

 The structure of the GlyR is homologous to that of the nAChR, as described in the 

previous section.  The agonist binding site of the GlyR, which is homologous to that of 

the nAChR, is located at the interface between the extracellular domains of adjacent 

subunits.  It is formed by A, B, and C loops on the + side of the interface and by D, E, 

and F loops on the – side of the interface (the – interface is located counterclockwise 

from the + interface when the receptor is viewed from an extracellular perspective) 

(Lynch, 2004).  A recent study found that glycine binding depends heavily on the 

presence of two oppositely charged residues, one on each side of the subunit interface 
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(Grudzinska et al., 2005).  On the + interface, E157 of the α1 subunit and E180 of the β 

subunit provide negative charge that interacts with the α-amino group of glycine, while 

on the – interface, R65 of the α1 subunit and R86 of the β subunit provide positive 

charge that stabilizes the α-carboxylate group of glycine.  In homomeric α1 GlyRs, the 

E157 residue of one subunit and the R65 residue of the adjacent subunit act in concert to 

bind a glycine molecule, while in heteromeric GlyRs, glycine binding sites can be formed 

by either the E157 and R86 residues of adjacent α and β subunits or by the E180 and R65 

residues of adjacent β and α subunits.  The finding that the β subunit can contribute to 

both + and – faces of the agonist binding site was something of a surprise.  This, 

combined with evidence from the same study suggesting that heteromeric GlyRs have a 

subunit stoichiometry of 2α:3β, indicates that heteromeric GlyRs should be able to bind 

up to four glycine molecules at a time. 

The GlyR pore, which is formed by the TM2 domains from all five subunits in the 

receptor pentamer, is lined with hydrophilic residues and two rings of positively charged 

arginine residues that are critical to the proper conduction of chloride ions (Keramidas et 

al., 2004).  One of these rings is located at the intracellular mouth of the channel pore 

(formed by TM2 R252 residues), where the ion selectivity filter is thought to be, and the 

other is at the extracellular end of the pore (formed by TM2 R271 residues).  The 

intracellular ring of charge is estimated to form the most constricted part of the pore and 

is essential for ion selectivity.  Mutation of R252 to alanine (R252A) altogether prevented 
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the expression of functional GlyRs (Lynch et al., 1997).  Mutations at amino acids 

neighboring this residue switched the GlyR pore to being cation selective, apparently by 

causing the intracellular arginine ring to face away from the pore while negatively 

charged glutamate residues were introduced at an adjacent position (Keramidas et al., 

2002).  A Brownian dynamics modeling study suggests that the GlyR pore contains two 

chloride binding sites (i.e. deep energy wells where chloride ions are stable) and that 

when a third chloride ion enters the pore it provides energy to push the first chloride ion 

out (O'Mara et al., 2003).   

 The GlyR channel gate is responsible for determining when the channel pore is 

open and when it is closed.  It is currently not clear which residues in the GlyR form the 

channel gate, since mutations at numerous loci can alter gating.  Current evidence 

supports two models of how the channel gate opens.  One model, proposed by Unwin and 

colleagues based on their structural studies, suggests that ligand binding leads to a 15o 

twisting motion in the extracellular domains, and this results in a concerted twisting of 

the TM2 α-helices.  This rotation in the TM2 domains causes hydrophobic interactions 

that occlude the channel pore (i.e. the gate) to break, allowing the pore to form a 

hydrophilic, ion permeable pathway (Unwin, 2005).  The alternate model, based on an 

NMR study of α1 GlyR TM2 domain pentamers, suggests that channel gating is the 

result of a simultaneous, 10o tilting of the TM2 domains (Tang et al., 2002).  A recent 

investigation utilizing Brownian dynamics simulations of the TM2 pore region found that 

both the rotation and tilting models could be simulated equally well, leading the authors 
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to hypothesize that both mechanisms may function in the GlyR and that the GlyR may 

therefore possess two gates (Cheng et al., 2005).  A similar concept has been suggested 

previously based on a single-channel examination of nAChR receptor function (Auerbach 

and Akk, 1998).  In this study, it was proposed that there is one gate to control channel 

opening and closing and a second gate to control channel desensitization.  The rotation 

and tilting models may therefore be involved in channel opening and channel 

desensitization, but which mechanism is involved with which process is unknown.  

Further data are clearly necessary before we can claim a reasonable understanding of how 

the GlyR gate or gates function. 

 Several compounds have been identified as being agonists, antagonists, or 

modulators of the GlyR.  Glycine is the predominant endogenous agonist of the GlyR.  

Taurine, β-alanine, and GABA also act as full or partial agonists of the GlyR, depending 

on expression system (De Saint et al., 2001), and these compounds are found 

endogenously as well.  Nonsynaptically released taurine has been implicated in activating 

GlyRs in the developing neocortex, while nonsynaptically released β-alanine and taurine 

may be responsible for tonic activation of GlyRs in hippocampus and possibly in ventral 

tegmental area dopamine neurons (Flint et al., 1998; Mori et al., 2002; Wang et al., 

2005).  The ability of GABA to activate GlyRs may also have physiological relevance, as 

a growing number of studies have documented the colocalization of GlyRs and 

GABAARs in postsynaptic membranes (Bohlhalter et al., 1994; Todd et al., 1996; Jonas 

et al., 1998; Dumoulin et al., 2001; Gonzalez-Forero and Alvarez, 2005).  Strychnine, as 
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mentioned above, is a highly selective competitive antagonist of the GlyR.  Picrotoxin, a 

plant alkaloid, was once thought to be a selective antagonist of GABAARs, but it is now 

clear that it is also an allosteric inhibitor of the GlyR (Pribilla et al., 1992; Lynch et al., 

1995).  Although early studies suggested that picrotoxin binds to a site in the channel 

pore, more recent studies contradict this, and it is currently uncertain where picrotoxin 

binds to the receptor (Lynch, 2004).  Recently, several terpeine compounds isolated from 

the Gingko tree have been shown to antagonize GlyR function through what may be a 

pore block mechanism (Kondratskaya et al., 2002; Ivic et al., 2003).  These ginkgolides 

bear structural similarity to picrotoxin, suggesting a similar mode of action.  Ginkgolide 

B, in particular, may be a promising tool for distinguishing between GlyRs and 

GABAARs since it potently inhibits the former but not the latter.  A number of 

compounds have been shown to modulate the GlyR through allosteric mechanisms, and 

these are discussed in detail in a later section. 

 Point mutations in the GlyR underlie human startle disease.  This autosomal 

dominant disorder, also known as hyperekplexia, stiff baby syndrome, and jumping 

lumberjack syndrome, was long known to occur with high incidence in certain families, 

and in 1992 the genetic trait for the disease was localized to a 5.9 centiMorgan region of 

chromosome 5q (Ryan et al., 1992).  The GlyR α1 subunit gene (GLRA1) is located in 

this region, and in the following year, two point mutations (R271L and R271Q) in 

GLRA1 were shown to correlate with incidences of startle disease in four families 

(Shiang et al., 1993).  Studies of these point mutations in heterologously expressed GlyRs 
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revealed that they result in a decrease in receptor affinity for glycine and in decreased 

channel conductance (Rajendra et al., 1994; Langosch et al., 1994).  A number of other 

GLRA1 point mutations have been shown to cause startle disease, and more are being 

identified every year.  For the most part, these point mutations occur within the TM1-

TM2 linker, TM2 domain, or TM2-TM3 linker and result in deficiencies in GlyR 

function or expression (Legendre, 2001; Lynch, 2004). 
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1.4 Allosteric modulation of GlyR function 

 Allosteric modulators are compounds that alter protein function by binding to 

protein sites distinct from the active site.  In binding to these sites, these compounds 

promote reversible conformational changes that modify protein activity (Changeux and 

Edelstein, 1998).  The concept of allosteric modulation was developed in the early 1960s 

when studies of bacterial biosynthetic pathways revealed that pathway end products 

could sometimes inhibit the activity of enzymes earlier in the pathway (feedback 

inhibition), even though these end products were not substrates of the enzymes they 

inhibited.  It was hypothesized that this regulation was mediated by end product binding 

to regulatory sites that were physically separate from the enzyme active site (Monod and 

Jacob, 1961; Changeux, 1961; Monod et al., 1963).  The term allosteric was derived from 

the Greek words allos, meaning other, and stereos, meaning shape or solid, to describe 

this type of regulation. 

In 1965, Monod, Wyman, and Changeux proposed a specific conformational 

change mechanism by which they thought allosteric modulators might alter protein 

function (Monod et al., 1965).  In this mechanism, proteins subject to allosteric 

modulation must be oligomers made up of identical or homologous subunits arranged 

around an axis of rotational symmetry.  These proteins should exist in at least two 

conformational states, both of which must retain the symmetry of the protein so that all 

subunits composing the protein are in the same conformation at the same time.  

Accordingly, conformational transitions between states require concerted changes across 
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all of the protein’s subunits.  Such transitions should lead to changes in the affinity of 

binding sites for their ligands, and therefore the binding of a ligand should promote the 

transition to or stabilization of the conformation to which it binds with greater affinity.  

Finally, it was proposed that the isomerization of allosteric proteins between 

conformations should occur to some extent spontaneously, i.e. in the absence of any 

ligand.   

Monod, Wyman, and Changeux originally applied their model, often referred to 

as the MWC model, toward explanations of the function of biosynthetic enzymes and 

hemoglobin, but it quickly became clear that the ideas contained within it might apply 

equally well toward explaining the function and modulation of the nAChR (Karlin, 

1967).  Evidence to date indicates that members of the Cys-loop family of LGICs meet 

most of the criteria for allosteric proteins proposed by the MWC model.  Cys-loop 

receptors are pentameric proteins composed of identical or highly homologous subunits 

arranged around an axis of rotational symmetry, the channel pore.  They possess multiple 

conformations (open, closed, and desensitized) in which the receptor subunits are thought 

to retain this symmetry.  Detailed studies have demonstrated that agonists bind to 

different receptor conformations with different affinities (Colquhoun, 1998; Grosman and 

Auerbach, 2001; Chang et al., 2002; Burzomato et al., 2004).  Several studies have also 

shown that Cys-loop receptors can spontaneously convert between closed and open states 

in the absence of agonist (Jackson, 1984; Auerbach et al., 1996; Chang and Weiss, 1998; 

Chang and Weiss, 1999; Birnir et al., 2001; Beckstead et al., 2002).  Cys-loop LGICs are 
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known to possess a rich pharmacology of modulators that act at sites distinct from the 

agonist binding site, the active site according to the MWC model (Hogg et al., 2005).  

Benzodiazepines, for example, are allosteric modulators of the GABAAR whose binding 

site has been mapped to specific amino acids disparate from those mediating agonist 

binding (Mohler et al., 2002).   

A number of compounds enhance GlyR activity through allosteric means, i.e. by 

binding to sites distinct from the agonist binding site.  These include the endogenous 

cation Zn2+ and three classes of pharmacologically important exogenous compounds: 

alcohols, volatile anesthetics, and inhaled drugs of abuse.   

Zinc ions enhance GlyR currents at high nanomolar to low micromolar 

concentrations and inhibit GlyR currents at mid to high micromolar concentrations 

(Bloomenthal et al., 1994; Laube et al., 1995).  Due to the biphasic effects of Zn2+, it was 

proposed that the GlyR possesses two distinct Zn2+ binding sites, one enhancing and one 

inhibitory.  Using knowledge that Zn2+ binding sites generally contain histidine residues 

to coordinate the positive charge of Zn2+, residues constituting the inhibitory Zn2+ binding 

site were identified through systematic mutation of histidines throughout the GlyR 

(Harvey et al., 1999).  When H107 and H109, located in the extracellular domain, were 

mutated to alanine, the inhibitory effects of Zn2+ were abolished.  A subsequent study 

combining functional and structural modeling approaches provided evidence that the 

inhibitory Zn2+ site is formed at subunit interfaces, with H107 on one subunit and H109 

on the adjacent subunit forming the binding pocket (Nevin et al., 2003).  Identification of 
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the enhancing Zn2+ site has proven more difficult.  Recently, however, Miller et al. 

identified three residues (D194, H215, and E192) located at the extracellular face of the 

N-terminal domain that seem to constitute the enhancing Zn2+ binding pocket (Miller et 

al., 2005).  Both the enhancing and inhibitory Zn2+ binding sites are distinct from the 

GlyR agonist binding pocket, yet Zn2+ interactions with these sites strongly influence 

GlyR function.  Thus, Zn2+ modulation of the GlyR provides a clear example of allosteric 

modulation by an endogenous modulator. 

Ethanol and n-alcohols with carbon chain lengths ranging from one to twelve 

enhance GlyR currents (Mascia et al., 1996a; Wick et al., 1998; Mihic, 1999).  Ethanol 

potentiation of GlyR currents was first noted in recordings from native GlyRs in chick 

spinal neurons (Celentano et al., 1988).  Ethanol was subsequently shown to increase 

chloride flux through GlyRs in a rat brain synaptoneurosome preparation and to increase 

GlyR currents in recordings from cultured mouse spinal neurons (Engblom and Akerman, 

1991; Aguayo and Pancetti, 1994).  Further characterization in mouse spinal neurons 

revealed that ethanol induced a leftward shift in the glycine concentration-response curve, 

but did not increase the response of GlyRs to maximal glycine concentrations (Aguayo et 

al., 1996).  Recordings from α1 and α2 homomeric GlyRs heterologously expressed in 

Xenopus oocytes demonstrated that ethanol concentrations ranging from 10-200 mM 

enhanced GlyR currents and that the α1 subunit was more sensitive to the effects of 

ethanol than the α2 subunit (Mascia et al., 1996b).  n-Alcohols differing from ethanol 
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only by their carbon chain length were also found to enhance recombinant GlyR currents 

(Mascia et al., 1996a; Wick et al., 1998).   

Volatile anesthetics enhance GlyR currents more potently than ethanol does, but 

appear to achieve this enhancement through a common mechanism.  Harrison et al. 

provided the first evidence of volatile anesthetic modulation of the GlyR when they 

found that isoflurane enhanced recombinant α2 GlyR currents in HEK 293 cells 

(Harrison et al., 1993).  It was subsequently shown that halothane, enflurane, isoflurane, 

methoxyflurane, and sevoflurane potentiate homomeric α1 GlyR currents in Xenopus 

oocytes and native GlyR currents in rat medullary neurons (Mascia et al., 1996a; Downie 

et al., 1996).  This enhancement was concentration dependent and most apparent at low 

glycine concentrations, the net effect of volatile anesthetics on GlyR function being a 

leftward shift of the glycine concentration-response curve with no alteration in the 

magnitude of the maximal response.   

Inhaled drugs of abuse include compounds such as toluene, 1,1,1-trichloroethane, 

and trichloroethylene, which are commonly used as solvents in correction fluid (e.g. 

White Out and Liquid Paper), markers, paint thinner, glue, and other household products.  

These compounds produce CNS depressant effects similar to alcohols and volatile 

anesthetics (Evans and Balster, 1991), and thus it seemed likely that they also modulate 

GlyR function.  An examination of the effects of these drugs on α1 GlyR currents in 

Xenopus oocytes confirmed this hypothesis (Beckstead et al., 2000).  As was found with 

the alcohols and volatile anesthetics, the inhalants produced leftward shifts of the GlyR 
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glycine concentration response curve without affecting peak responses to glycine 

concentrations producing maximal effects.  To test the hypothesis that alcohols, volatile 

anesthetics, and inhalants share the same site of action, Beckstead et al. conducted 

competition assays between drugs from these three groups by assessing the ability of 

ethanol, toluene, and chloroform to enhance GlyR EC10 currents in the presence of 

increasing concentrations of enflurane (Beckstead et al., 2001).  They found that 

enflurane was able to effectively compete away the effects of the other drugs as its 

concentration was increased.  These results suggest that alcohols, volatile anesthetics, and 

inhaled drugs of abuse share a common site of action.  
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1.5 The GlyR alcohol and anesthetic binding pocket 

 The discovery that alcohols and volatile anesthetics enhance GlyR function 

caused investigators to wonder where exactly these drugs were acting.  Most ion channel 

modulating drugs are known to bind to specific molecular sites on their target ion 

channels and to produce their effects on channel function with EC50 concentrations in the 

nanomolar to low micromolar range.  Diazepam, for example, enhances GABAAR 

currents with an EC50 concentration in the tens of nanomolar range (Amin et al., 1997).  

In contrast to these drugs, alcohols and volatile anesthetics require much higher 

concentrations, in the hundreds of micromolar to hundreds of millimolar range, in order 

to enhance GlyR function.  The necessity of such high concentrations left open the 

possibility that alcohols and volatile anesthetics might be acting through a more general 

mechanism than binding to a specific protein site.  Thus, two competing hypotheses were 

put forth in attempts to resolve the question of the location of the molecular site of action 

of alcohols and volatile anesthetics.  The first hypothesis posited that the lipid bilayer is 

the main site of action of these drugs, while the second conformed to allosteric theory and 

held that specific drug binding sites on proteins were responsible for mediating alcohol 

and anesthetic effects.   

 The lipid hypothesis of alcohol and volatile anesthetic action is based on a 

correlation in the physical properties of volatile anesthetics first noted over a century ago.  

In their early studies of anesthetics, Meyer and Overton independently found that 

anesthetic potency is strongly correlated with the ability of anesthetics to partition into 
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olive oil (Meyer, 1899; Overton, 1901).  Since olive oil has similar physical chemical 

properties to cell membrane lipid bilayers, this correlation suggested that volatile 

anesthetics might act by incorporating into and changing the properties of lipid bilayers.  

Nonspecific disruptions of neuronal cell membranes in particular were proposed to 

account for the CNS depressant effects of volatile anesthetics.  Recent refinements to the 

lipid theory have suggested that anesthetics modify bilayer properties by changing the 

lateral pressures that exist at different depths within the bilayer, and that membrane 

proteins exhibit altered function when the pressures exerted on their transmembrane 

regions are altered in this way (Eckenhoff, 2001).   

 The protein sites of action theory holds that volatile anesthetics, like most drugs, 

exert effects on proteins through interactions with specific molecular sites on those 

proteins.  The conventional way to demonstrate such interactions, however, was through 

binding assays, which require a high affinity interaction between drug and target protein.  

Since it was clearly not possible to conduct binding assays with volatile anesthetics, 

researchers had to be more creative in their attempts to explore and test this theory.  The 

first major support for protein sites of action came from a study conducted by Franks and 

Lieb in 1984.  In this study, the authors showed that anesthetics at physiologically 

relevant concentrations could inhibit the function of firefly luciferase (Franks and Lieb, 

1984).  Since luciferase is a soluble protein, these effects could not be attributed to 

anesthetic disruption of lipid bilayers.  Furthermore, it was found that anesthetic 

molecules competed with luciferin for binding to luciferase.  These findings indicated 
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that anesthetics could alter the function of a protein by interacting directly with that 

protein.  Over the next decade, evidence began to accumulate that anesthetics were 

modulating the function of specific membrane proteins, and in particular LGICs 

(Rudolph and Antkowiak, 2004).   

 The next breakthrough in support of the protein sites of action theory came in 

1997.  Mihic and colleagues noted that the GABA ρ1 receptor was inhibited by alcohols 

and volatile anesthetics, despite its close relation to the GABAAR and GlyR, which are 

enhanced by these compounds (Mihic and Harris, 1996).  Taking advantage of the 

homology between these receptors, they constructed chimeric GABAARs and GlyRs in 

which different receptor domains were swapped for the corresponding region of GABA 

ρ1 (Mihic et al., 1997).  Recordings from these chimeras provided evidence that a 45 

amino acid segment located in the TM2 and TM3 domains was responsible for conferring 

alcohol and anesthetic sensitivity.  Through site-directed mutagenesis of non-conserved 

residues located in this region, Mihic et al. identified two amino acids that were critical to 

conferring alcohol and anesthetic sensitivity, S267 (S270) in TM2 and A288 (A291) in 

TM3 of the GlyR (GABAAR).  The close proximity of these two amino acids (both are 

located toward the extracellular end of their respective TM domains) immediately 

suggested that S267 and A288 might form an alcohol and anesthetic binding pocket. 

 Following up on this finding, Mascia et al. demonstrated that when S267 and 

S270 of the GlyR and GABAAR, respectively, were mutated to cysteine, the mutant 

residues could be labeled with the thiol reagent propyl methanethiosulfonate (PMTS), 
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with the result that receptor currents following this labeling were significantly enhanced 

(Mascia et al., 2000).  This provided unambiguous evidence that placing a propyl group 

in the putative alcohol and anesthetic binding pocket could mimic the effects of these 

drugs on receptor function.  This technique, referred to as the substituted cysteine 

accessibility method (SCAM), was subsequently used to examine the ability of 

methanethiosulfonate (MTS) reagents to react with a series of cysteine mutants in TM1, 

TM2, and TM3 of the α1 GlyR (Lobo et al., 2004a).  Successfully labeling reactions 

were detected as alterations in channel function (enhancement or inhibition) following 

MTS application and washout.  Because the reaction of MTS reagents with sulfhydryl 

groups requires a water molecule, the ability of an MTS reagent to label a particular 

mutant cysteine residue can be used as an indication of whether or not that residue is 

located in an aqueous environment.  Lobo et al. found that specific residues toward the 

extracellular portion of TM1, TM2, and TM3 reacted with MTS reagents, and that the 

accessibility of these residues to MTS labeling increased when the GlyR was in the open 

state.  A follow-up study indicated that residues in the extracellular portion of TM4 also 

react with MTS reagents (Lobo et al., 2005).  These results suggested that there is a 

water-filled, alcohol and anesthetic binding pocket located between the transmembrane 

domains of the GlyR and that the size of this pocket increases upon channel opening.  In 

a separate set of experiments, Lobo and colleagues also demonstrated that the side chains 

of GlyR residues S267 and A288 appear to face each other across the alcohol and 

anesthetic binding cavity (Lobo et al., 2004b).  This was accomplished by mutating both 
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residues to cysteine and then showing that the mutant residues could successfully form a 

disulfide bond with one another, something only possible if the residues are in close 

proximity. 

 The most recent structural data of the nAChR from Unwin’s group support the 

hypothesis that there is a water-filled cavity located between the TM domains of Cys-

loop family receptors (Miyazawa et al., 2003).  In this structure, it was noted that the TM 

domains appear to form two rings separated by a water-filled cavity, with the TM2 

domains forming an inner ring and the remaining TM domains forming an outer ring.  

nAChR residue L257, which is homologous to S267 of the GlyR, was found to point out 

into this cavity, causing Miyazawa et al. to state, “Hence this space must be where the 

alcohols/anaesthetics bind in the other receptors.”  Homology modeling studies of the 

GABAAR and GlyR further support the hypothesis that water-filled binding cavities exist 

between the TM domains of these receptors (Trudell and Bertaccini, 2004; Bertaccini et 

al., 2005).  Additionally, these studies indicate that alcohols and anesthetics might gain 

access to this cavity either by passing through the interfacial region where the membrane 

and extracellular space meet or by first entering the lipid bilayer and then moving 

laterally into the binding cavity.  The latter possibility, if it turns out to be correct, could 

provide an explanation for the Meyer-Overton correlation, since the lipophilicity of 

anesthetics would influence how easily they could reach the binding cavity if they had to 

first transit through the lipid bilayer. 



38 

 The wide variety of functional, structural, and computational data detailed above 

provides strong support for the protein sites of action theory of alcohol and anesthetic 

modulation of LGICs.  Despite this, adherents to the lipid theory argue that protein sites 

of action cannot be conclusively demonstrated without the solution of crystal structures 

of GABAA or Gly receptors with alcohol or anesthetic molecules bound.  Unfortunately, 

it has thus far not been possible to obtain such crystal structures, due to the difficulties 

inherent in crystallizing large, membrane proteins.   

Recently, however, the crystal structure of a Drosophila melanogaster odorant 

binding protein named LUSH was solved with alcohols bound in its odorant binding 

pocket (Kruse et al., 2003).  In vivo, LUSH appears to be involved in the detection of 

short chain alcohols, making LUSH the first non-enzyme protein known to bind alcohols 

as part of its normal function (Kim et al., 1998).  Because LUSH is a soluble protein, 

Kruse et al. were able to crystallize it alone and in the presence of ethanol, propanol, and 

butanol.  The structures solved in the presence of alcohols revealed the presence of a 

single, distinct alcohol binding site in which three specific residues made hydrogen bonds 

with the bound alcohol.  These residues formed a Threonine-Serine-Threonine motif that, 

remarkably, was consistent with a Threonine-Serine-Serine motif present in the putative 

alcohol and anesthetic binding pockets of the Gly and GABAA receptors.  In fact, the 

middle Serine residue in these motifs corresponds to the S267 and S270 residues of the 

Gly and GABAA receptors, which were originally identified as being important mediators 

of alcohol and anesthetic actions by the 1997 Mihic et al. study (Mihic et al., 1997).  The 
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LUSH crystal structure also revealed that alcohol binding produced a large stabilization, 

making it possible to resolve part of the LUSH structure that was not resolvable in the 

absence of alcohols.  This suggests that alcohol binding can produce a marked effect on 

protein conformation and therefore provides additional evidence that the binding of 

alcohols and by extension volatile anesthetics can have a large effect on protein function.   
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1.6 Single channel kinetics of GlyR function 

 Single channel recording provides an exquisitely detailed look into the 

conformational changes of individual ion channels over timescales ranging from 

microseconds to hours (Sakmann and Neher, 1995).   No other technique currently 

available can yield such high resolution information about protein function over time.  

Unlike most proteins whose biological functions lead to chemical outputs, ion channels 

are unique in that their biological function results in an electrical output.  Since we are 

much better equipped to rapidly and accurately measure electrical currents than we are to 

measure chemical changes, ion channels provide a special opportunity for examining 

protein function.   

 From a technical standpoint, the main challenge in measuring the electrical output 

from a single ion channel is that the currents arising from single channel openings are 

typically a few trillionths of an Ampere in magnitude.  Ultra low noise recording 

techniques are therefore required to separate these picoAmpere (pA) signals from 

background thermal and electromagnetic noise.  In 1991, Erwin Neher and Bert Sakmann 

won the Nobel Prize in Medicine for their roles in the development of ultra low noise 

single channel recording techniques.  Neher and Sakmann’s critical innovation was a 

method for creating a tight seal between the glass recording pipette and the patch of cell 

membrane to be recorded from (Hamill et al., 1981).  To achieve such a seal, they 

realized that the capillary glass recording pipette must be pulled to a tip diameter of ~1 

µM and the tip fire polished to obtain a smooth surface.  By lightly pressing the recording 
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pipette tip against a cell membrane and then applying a slight amount of suction, Neher 

and Sakmann found that it is possible to form a connection between the lipid bilayer and 

the glass tip that is so tight as to present a gigaOhm resistance to the leakage of current 

through the glass-membrane interface.  These gigaOhm seals, referred to as gigaseals, 

provide electrical access to the ion channels contained within the sealed membrane patch 

that, when combined with low noise amplifiers, allow for recordings with an average 

background noise of < 1 pA.   

 Not long after the advent of these techniques, the first account of single channel 

recordings of glycine activated chloride currents was published (Hamill et al., 1983).  The 

focus of this study was an examination of the unitary conductance levels of glycine and 

GABA evoked chloride currents in patches pulled from mouse spinal neurons.  By 

showing that glycine and GABA elicited openings to different conductance levels, 

Hammill et al. provided strong evidence against an earlier hypothesis that glycine and 

GABA activate the same receptor.  Subsequent single channel studies of the GlyR 

throughout the 1980s also centered around examining the conductance levels of native 

GlyRs recorded from soma membrane patches pulled from mouse and rat spinal neurons 

(Sakmann et al., 1983; Bormann et al., 1987; Smith et al., 1989).  These studies reported 

that the GlyR has up to six conductance states, with the main conductance states being 

~30 and ~45 pS.   

 The first detailed single channel study of GlyR kinetics was conducted by 

Twyman and Macdonald in 1991 (Twyman and Macdonald, 1991).  In recordings from 
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outside-out patches pulled from cultured mouse spinal cord neurons, these investigators 

noted a main conductance state of 42 pS and a subconductance state of 27 pS.  By 

analyzing GlyR openings, they found that the durations of openings were best described 

by the sum of three exponential functions.  This suggests that the GlyR possess three 

open states, i.e. three distinct conformations in which the channel pore is open and 

permits the flux of chloride ions.  These open states were described by time constants 

with durations of 1.1, 4.1, and 9.8 ms.  We can therefore refer to the GlyR open states as 

being short-, medium-, and long-lived.  Tywman and Macdonald also found that as they 

increased the glycine concentration from 0.5 to 2 µM, the channel mean open time 

increased due to an increase in the probability that channel openings would occur to the 

longer-lived open states.  This hinted at the possibility that dwells in the medium- and 

long-lived open states corresponded to states in which the receptor was more highly 

liganded with glycine.  The authors also found that the mean duration of bursts of 

openings increased with increasing glycine concentration and that, as with the increase in 

open durations, this change was due to a shift in the distributions of burst durations such 

that longer bursts became more likely at higher glycine concentrations.  On the basis of 

this kinetic data, Twyman and Macdonald proposed the first kinetic model of GlyR 

function.  This model contained four closed states and three open states and suggested 

that three glycine molecules could bind to the GlyR. 

 The Twyman and Macdonald study remained the most definitive examination of 

GlyR kinetics until 2002, when Beato and colleagues at University College London 



43 

reported on the results of their single channel investigations of recombinant α1 GlyRs 

(Beato et al., 2002).  Recording from outside-out patches pulled from transiently 

transfected HEK 293 cells and perfused with 0.3, 1, or 10 µM glycine, Beato et al. found 

that four open states were required to describe the durations of the openings they 

observed.  The longer three of these states were similar in mean duration to the three 

open states observed by Twyman and Macdonald.  The fourth state was shorter than the 

other three and had a very brief duration of 0.02-0.05 ms, explaining why it may have 

been missed in the earlier study.  Burst durations were well described by four exponential 

components, with a fifth component needed to describe longer bursts observed in the 

presence of 10 µM glycine.   Increasing the glycine concentration augmented the GlyR 

mean open time and mean burst duration by increasing the frequency of longer openings 

and longer bursts, not by changing the mean durations of the opening and burst 

components.  Through correlation analysis, Beato and colleagues showed that short 

openings tend to occur adjacent to long closings and vice versa.  Thus, long bursts were 

generally composed of long openings separated by brief closing events.  This data 

supports a mechanism, similar to that of Twyman and Macdonald, in which the open 

states correspond to conformations with different numbers of agonist molecules bound to 

the GlyR.  Since homomeric α1 GlyRs possess five agonist binding sites, Beato et al. 

described their data with a mechanism containing six closed states and five open states.  

The first closed state has no agonist molecules bound and the remaining closed states are 

linearly connected to one such that the binding of each of up to five glycine molecules 
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causes the receptor to move to a new closed state.  The open states proceed from the 

liganded closed states and increase in duration as the number of glycine molecules bound 

is increased.  This mechanism was able to account for the changes in channel openings 

and burst durations observed with increasing glycine concentrations. 

 Following up on their own study, Beato and colleagues recorded from homomeric 

α1 GlyRs in outside-out patches perfused with glycine concentrations ranging from 10 

µM to 1 mM (Beato et al., 2004).  This investigation provided the first detailed 

information about GlyR kinetics in the presence of high glycine concentrations.  By using 

higher glycine concentrations, the authors were able to conduct a cluster analysis of GlyR 

function.  Clusters, like bursts, contain activity from a single ion channel, but the higher 

agonist concentrations used to generate clusters allow one to determine that groups of 

adjacent bursts result from the activity of one channel (Colquhoun and Ogden, 1988; 

Colquhoun and Hawkes, 1990).  This is possible because higher agonist concentrations 

increase the channel open probability, making the simultaneous activation of two 

channels easier to detect, and because higher agonist concentrations cause channels to 

enter into long-lived desensitized states that more clearly separate out activity resulting 

from different channels within the same patch.  Thus, whereas bursts terminate when a 

closing on the order of a few milliseconds is detected, clusters end when a closing of a 

few seconds is detected.  Using cluster analysis, Beato and colleagues were able to 

establish an open probability (Popen) concentration response curve.  Since Popen values are 

derived from single channel data, they are not skewed by desensitization, as are 
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macroscopic concentration response data, and therefore provide a highly accurate 

representation of channel activation by agonist.  A fit of the Popen concentration response 

curve with the Hill function revealed a glycine EC50 of 106 µM, a Hill slope of 1.82, and 

a maximum Popen of 98%.  Analysis of open dwell times demonstrated that as the glycine 

concentration was increased from 10 µM to 1 mM, the number of open states required to 

describe the data decreased from three to one.  This suggests that at higher glycine 

concentrations receptors are saturated with agonist and therefore can only open to the 

longest-lived open state.  When Beato et al. fit their data with kinetic mechanisms, they 

found that a model with three glycine binding events best described GlyR function, even 

though homomeric α1 GlyRs possess five agonist binding sites.  While the possibility 

that a fourth and fifth glycine molecule might be able to bind could not be ruled out, the 

results of this kinetic fit clearly indicated that such binding events would be of no 

consequence to channel function.  Additionally, the Beato et al. mechanism suggested 

that the gating efficacy of glycine increases from 0.3 to 47 as the number of glycines 

bound increases from one to three.  This result provides a physical basis for why 

increasing the number of agonist molecules bound leads to longer openings of the GlyR.  

A subsequent study of heterologously expressed α1β heteromeric GlyRs found that the 

binding affinity for glycine also increases as the number of glycines bound increases 

(Burzomato et al., 2004).  This supports the idea that there is positive cooperativity in the 

binding of agonist molecules. 
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Together, these single channel studies provide a detailed understanding of the 

kinetic mechanisms underlying basic GlyR function.  This information can be utilized as 

a solid foundation upon which to examine the modulation of GlyR function by allosteric 

compounds, such as alcohols and volatile anesthetics. 
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1.7 Single channel kinetics of allosteric modulation 

 Allosteric modulators enhance or inhibit the function of LGICs.  At the 

macroscopic level, receptor enhancement results in a leftward shift in agonist 

concentration response curves while receptor inhibition results in a decrease in the 

maximal response to agonist (Dilger, 2002).  Although these observations provide some 

information about the molecular mechanisms of allosteric modulation, they do not tell us 

how allosteric modulators alter the kinetics of transitions between receptor states or 

whether by binding to receptors they induce novel states that are not parts of normal 

receptor function.  Assessing how allosteric modulators affect receptor behavior at the 

single channel level can provide such information.  To date, however, only a limited 

number of investigations have been conducted into the kinetics of allosteric modulation.  

In the Cys-loop family of receptors, single channel studies of allosteric modulation have 

focused almost entirely on the GABAAR and nAChR, with only a few studies conducted 

on the GlyR.  Luckily, given the homology between these receptors it is likely that the 

mechanisms of allosteric modulation observed with the GABAAR and nAChR are 

conserved in the GlyR. 

 The most thorough examinations of the enhancing effects of allosteric modulators 

on Cys-loop receptor single channel function were conducted by Robert Macdonald’s 

group at The University of Michigan in the late 1980s and early 1990s and over the last 

several years by Joe Henry Steinbach, Gustav Akk, and their colleagues at Washington 
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University in St. Louis.  These groups have focused on the enhancement of GABAAR 

function by barbiturates, neurosteroids, and ethanol.   

 Pentobarbital is a member of the barbiturate family of sedative-hypnotic drugs 

and is an allosteric modulator of the GABAAR.  In 1989, Macdonald and colleagues 

examined the effects of pentobarbital and phenobarbital (a related barbiturate) on 

GABAAR single channel currents in outside-out patches pulled from cultured mouse 

spinal neurons (Macdonald et al., 1989).  They found that channels in patches perfused 

with these barbiturates plus 2 µM GABA exhibited increased channel mean open times 

compared to channels in patches perfused with 2 µM GABA alone.  The channel open 

durations in this study were well described by three exponential components.  

Barbiturates increased the channel mean open time by increasing the frequency of 

openings to the longest-lived of the three open states and by decreasing the frequency of 

openings to the two shorter-lived open states.  Pentobarbital and phenobarbital did not 

lead to the creation of any novel open states, nor did they effect the mean durations of the 

three open states elicited by GABA alone.  Unitary channel conductance was also 

unaffected by these drugs.  In a follow up study, Macdonald’s group examined 

pentobarbital modulation of single recombinant α1β1 GABAARs in outside-out patches 

pulled from transiently transfected Chinese hamster ovary cells and perfused with 5 µM 

GABA (Porter et al., 1992).  Again, they found that pentobarbital increased the mean 

duration of channel openings and that this occurred mainly by increasing the frequency of 

openings to the longer-lived of the two open states that were required to describe their 
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data.  Unlike in the previous study, they noted a small increase in the mean duration of 

the longer-lived open state.  Analysis of the kinetics of bursts of openings revealed that 

pentobarbital increased the mean duration of bursts by increasing the durations of the two 

burst components detected and by increasing the proportion of bursts to the longer-lived 

burst duration component.   

 Steinbach and Akk investigated the effects of pentobarbital on the gating of 

α1β2γ2L GABAARs heterologously expressed in HEK 293 cells (Steinbach and Akk, 

2001).  Using the cell-attached configuration and higher GABA concentrations (10 µM to 

1 mM) than used in previous studies, they recorded channel activity in the absence and 

presence of pentobarbital and performed cluster analyses of the resulting data.  These 

analyses showed that pentobarbital increased the channel mean open time within clusters 

while having no effect on the intra-cluster channel mean closed time.  As in the 

Macdonald et al. 1989 study, channel openings in the absence and presence of 

pentobarbital were best described by three open states.  Pentobarbital increased mean 

open time by increasing the proportion of openings to the longest-lived open state and by 

increasing the mean duration of the longest-lived open state.  Steinbach and Akk 

calculated the effective opening rate of the GABAAR over a range of GABA 

concentrations plus or minus 40 µM pentobarbital and found that pentobarbital had no 

effect on this rate.  Thus, the authors concluded that pentobarbital enhanced GABAAR 

function by decreasing the rate of exit from the longest-lived open state, a change that 

corresponded to a pentobarbital induced stabilization of this open state. 
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 Neurosteroids represent another class of allosteric modulators of the GABAAR.  

Many neurosteroids are produced endogenously in the brain as metabolites of 

progesterone and deoxycorticosterone and are thought to play roles in paracrine signaling 

in the brain.  In addition, a number of neurosteroid analogs have been synthesized for 

their sedative and anesthetic effects (some, like alphaxalone, are used clinically) and their 

differential effects on GABAAR function have been utilized to gain a better 

understanding of the mechanistic basis of neurosteroid modulation (Lambert et al., 2003).  

Twyman and Macdonald published the first major examination of neurosteroid effects on 

GABAAR single channel function (Twyman and Macdonald, 1992).  Recording from 

outside-out patches pulled from cultured mouse spinal neurons, these investigators 

explored the effects of androsterone and pregnanolone on GABAAR currents activated by 

2 µM GABA.  Consistent with the effects they observed previously with barbiturates, the 

neurosteroids were found to increase channel mean open time by increasing the 

proportion of openings to the medium- and long-lived of the three open states needed to 

describe the data.  The neurosteroids did not alter the mean durations of these three open 

states, nor did they lead to the creation of any new open states.  Single channel 

conductance was similarly not affected.  Based on these findings, Twyman and 

Macdonald suggested that the increase in mean open time was the result of an increase in 

the channel opening rate. 

 Akk, Steinbach, and colleagues conducted a single channel investigation of 

modulation of recombinant α1β2γ2L GABAARs by two synthetic neurosteroids: ACN 
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and B285 (Akk et al., 2004).  In the presence of an EC50 concentration of GABA (50 

µM), GABAARs in cell-attached patches once again exhibited three open states within 

clusters of openings.  ACN enhanced receptor function by increasing the duration and 

frequency of openings to the longest-lived open state.  The net effect of these changes 

was a four-fold increase in mean open time.  B285 enhanced receptor function through an 

alternate mechanism.  It produced only a 30% increase in channel mean open time, but 

cut channel mean closed time in half.  Through their analysis, the investigators also 

determined that ACN did not alter the channel opening rate or the affinity of the 

GABAAR for GABA.  Thus, the main effect of ACN is similar to that of pentobarbital in 

that both act to stabilize the longest-lived open state.  Based on the disparate effects of 

ACN and B285 on GABAAR kinetics, the authors hypothesized that the GABAAR might 

possess two separate neurosteroid binding sites. 

 Ethanol modulation of GABAAR function has proven to be inconsistent, with 

enhancement observed in some cases but not in others (Aguayo et al., 2002).  This has 

led some to hypothesize that ethanol enhancement of the GABAAR requires the presence 

of a second modulator or that certain environmental or cell signaling conditions be met.  

Since evidence indicates that systemic ethanol administration increases the production of 

neurosteroids (Morrow et al., 2001), Akk and Steinbach tested the idea that ethanol might 

be able to enhance GABAAR function when coapplied with a neurosteroid (Akk and 

Steinbach, 2003).  The authors conducted cell attached single channel recordings from 

α1β2γ2L GABAARs heterologously expressed in HEK 293 cells.  To elicit channel 
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openings, the recording electrode solution contained 50 µM GABA plus or minus ethanol 

and/or the neurosteroid ACN.  In this preparation, Akk and Steinbach found that ethanol 

in the presence of only GABA had no significant effect on GABAAR single channel 

properties at concentrations ranging from 0.1-2% (~22-440 mM).  In the presence of 10 

nM ACN, a concentration that the authors showed did not affect GABAAR single channel 

properties, ethanol concentrations as low as 0.05% (~11 mM) produced a significant 

increase in channel mean open time.  When 0.5% (110 mM) ethanol was applied with 

ACN, a maximal ethanol effect was observed in which the receptor mean open times 

more than doubled.  The combination of ethanol and ACN increased mean open time by 

increasing the duration of the medium-lived and especially the long-lived of the three 

open states required to describe GABAAR openings.  These findings suggest that 

allosteric modulators can act in concert to enhance receptor function. 

 Although many studies indicate that ethanol and volatile anesthetics enhance 

macroscopic GlyR currents, there has been a dearth of studies on the effects of these 

drugs on GlyR single channel kinetics.  In fact, to the best of our knowledge there has 

only been one such study.  In 1998, Wakamori and colleagues published a brief 

examination of the effects of halothane on the Popen of GlyRs in dissociated rat brainstem 

neurons (Wakamori et al., 1998).  The authors used a very low-resolution approach in 

which GlyR currents activated by perfusion of 10 µM glycine over outside-out patches 

were recorded to paper through a chart recorder with a filter cutoff frequency of 100 Hz.  

By way of comparison, in the studies discussed above, Akk and Steinbach filtered their 
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single channel data at 10 kHz, i.e. with 100-fold higher resolution, and recorded their data 

to a computer hard drive so that highly accurate measures could be made during analysis.   

Nevertheless, Wakamori et al. found that 1 mM halothane (~4 MAC assuming no loss 

through the perfusion apparatus) increased GlyR Popen from 0.09 in the presence of 

glycine alone to 0.19 in the presence of glycine plus halothane.  This finding is consistent 

with the halothane enhancement of macroscopic GlyR currents observed previously 

(Mascia et al., 1996a), but due to the low resolution of the study, does not tell us much 

about the kinetic mechanism underlying this modulation.   

 Zinc modulation of the single channel kinetics of GlyR function has been 

examined in significantly more detail.  Laube and colleagues investigated the effects of 

enhancing and inhibitory concentrations of Zn2+ on α1 GlyRs in outside-out patches 

pulled from transiently transfected HEK 293 cells (Laube et al., 2000).  They found that 

the durations of GlyR single channel openings elicited by 3 µM glycine were best 

described by three open states.  Neither Zn2+ concentration changed the number of open 

states needed to describe the data.  The enhancing Zn2+ concentration (5 µM) doubled 

channel Popen and caused a slight increase in channel mean open time, which was 

attributable to increases in the durations of the medium- and long-lived open states.  The 

inhibitory Zn2+ concentration (50 µM) reduced Popen by ~85% and caused a slight 

decrease in channel mean open time, which was attributable mainly to an increase in the 

proportion of openings to the shortest-lived open state.  Laube et al. also examined the 

effects of Zn2+ on the properties of bursts of GlyR openings.  Burst durations were best 
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described by three burst components.  5 µM Zn2+ increased mean burst duration nearly 

four-fold by increasing the duration of the longest-lived burst component.  50 µM Zn2+ 

halved the mean burst duration by decreasing the proportion of bursts to the longest-lived 

burst component.  No changes in GlyR unitary conductance were observed with either 

Zn2+ concentration.  In a further analysis of these results, the authors concluded that 5 µM 

Zn2+ enhanced GlyR function by decreasing the agonist unbinding rate, while 50 µM 

Zn2+ inhibited GlyR function by reducing gating efficacy. 

 As a general rule of thumb, volatile anesthetics enhance the function of inhibitory 

LGICs and inhibit the function of excitatory LGICs (Krasowski and Harrison, 1999; 

Dilger, 2002).  Although there are some exceptions to this rule, volatile anesthetics do 

inhibit the function of excitatory nAChRs.  Dilger and colleagues investigated the kinetic 

mechanisms underlying isoflurane inhibition of nAChRs natively expressed in a clonal 

cell line (BC3H-1) derived from muscle (Dilger et al., 1992).  In recordings from outside-

out patches, they found that isoflurane caused channel openings to flicker and to occur 

grouped together as bursts of brief openings rather than as the bursts of long, single 

openings observed in ACh alone.  Analysis of these data indicated that isoflurane caused 

reductions in channel mean open time and mean burst duration.  The channel flickering 

induced by isoflurane resulted in an increase in the mean number of openings per burst 

from the 1.14 openings observed in the presence of ACh alone to >2.5 openings observed 

in the presence of ACh plus isoflurane.  The investigators interpreted these findings in 
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terms of a model suggesting that isoflurane blocks both the open and closed states of the 

nAChR by binding to an undetermined site on the receptor. 

 When the above single channel studies are considered together, some distinct 

trends emerge from the data.  In most cases, allosteric modulators enhanced receptor 

function by increasing channel mean open time.  These increases resulted from increases 

in the duration and/or the proportion of openings to the longest-lived of three open states.   

In all cases, allosteric modulators did not induce the creation of novel open states, nor did 

they alter unitary channel conductance.  When burst durations were analyzed, it was 

found that modulators augmented mean burst duration by increasing the duration and/or 

proportion of bursts to the longest-lived burst class.  Thus, positive allosteric modulators 

appear to enhance Cys-loop receptor function mainly by stabilizing a pre-existing 

channel open state.  Negative allosteric modulators inhibited Cys-loop receptor function 

by decreasing channel mean open time and mean burst duration.  These decreases 

resulted from decreases in the proportion of openings and bursts to the longest-lived open 

state and burst component, respectively.  Negative allosteric modulators therefore appear 

to exert effects on receptor kinetics that are essentially opposite of the effects of the 

positive allosteric modulators.  This suggests that both classes of modulators alter 

channel function through overlapping molecular mechanisms, the critical difference 

being the direction in which they push this mechanism.   
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1.8 Dissertation Aims 

 The objective of the research presented in this dissertation was to characterize the 

molecular and kinetic mechanisms underlying alcohol and volatile anesthetic 

enhancement of glycine receptor function.  Three separate approaches were utilized in 

pursuit of this goal, and therefore the objective was divided into the following three 

specific aims. 

 

Aim 1.  To determine how many of the five alcohol and anesthetic binding pockets 

contained within the homomeric α1 GlyR need be occupied by drug in order to enhance 

receptor function.  The hypothesis to be tested was that drug occupancy of a single 

binding pocket per receptor pentamer is sufficient to enhance GlyR function. 

 

Aim 2.  To assess whether two residues (S267 and A288) implicated in mediating the 

effects of alcohol and volatile anesthetics on GlyR function influence channel gating in 

the absence of drugs.  The hypothesis to be tested was that point mutations at these 

residues significantly alter receptor gating at the single channel level. 

 

Aim 3.  To investigate the kinetic mechanisms underlying GlyR enhancement by the 

alkane anesthetic halothane and the ether anesthetic isoflurane.  The hypothesis to be 

tested was that halothane and isoflurane enhance GlyR function through a conserved 

mechanism of stabilizing the channel open state. 
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1.9 Chapter Overview 

 The remainder of the dissertation is divided into five chapters.  Chapter 2 details 

the materials, experimental methods, and data analysis approaches utilized throughout the 

studies composing this dissertation.  These methods include two-electrode voltage clamp 

recording from Xenopus oocytes heterologously expressing wild type (wt) and mutant 

GlyRs and single channel patch clamp recording from outside-out patches pulled from 

HEK 293 cells transiently transfected with wt and mutant GlyRs. 

 Chapter 3 reports on a test of the hypothesis described in Aim 1.  To determine 

the minimal alcohol and anesthetic binding pocket occupancy required to enhance GlyR 

function, we took advantage of the ability of the thiol reagent propyl 

methanethiosulfonate (PMTS) to covalently label a mutant cysteine residue (S267C) 

located within the binding pocket.  It has previously been shown that PMTS labeling of 

S267C homomeric receptors enhances receptor function.  By injecting oocytes with 

increasing ratios of wt to S267C α1 subunit cDNAs, it was possible to express 

heteromeric GlyRs containing no more than one mutant subunit per pentamer.  We found 

that PMTS labeling of these receptors led to enhancement of receptor function.  This 

suggests that occupancy of one binding pocket per receptor pentamer is sufficient to 

enhance receptor function and thus confirms the hypothesis of Aim 1. 

 Chapter 4 describes the results of an investigation to test the hypothesis in Aim 2.  

To establish whether S267 and A288 form part of the channel gating machinery in the 

absence of alcohols and volatile anesthetics, we examined the effects that point mutations 
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at these two residues had on GlyR function.  When A288 was mutated to tryptophan 

(A288W), the resulting receptors were found to exhibit spontaneous channel activity in 

the absence of agonist.  Single channel kinetic analysis of this spontaneous activity 

revealed that A288W GlyRs have a remarkably stabilized open state when compared to 

wt GlyRs in the presence of 10 µM glycine.  Mutation of S267 to glutamine (S267Q) led 

to the formation of receptors that appeared similar to wt GlyRs according to macroscopic 

measures of glycine concentration response curves.  When the absolute magnitude of the 

currents generated by S267Q GlyRs was examined, however, it became clear that this 

point mutation caused a deficiency in receptor function.  Single channel recordings of 

S267Q GlyRs revealed grossly abnormal receptor openings, consistent with a 

destabilization of the channel open state.  These results suggest that at least two of the 

alcohol and anesthetic binding pocket residues are situated in a manner that allows them 

to exert strong influences on the GlyR channel gate. 

 Chapter 5 recounts the results of a single channel investigation testing the 

hypothesis of Aim 3.  The activity of single wt GlyRs was recorded from outside-out 

patches pulled from HEK 293 cells.  Patches were perfused with 3 µM glycine or 3 µM 

glycine plus 2 MAC halothane or 2 MAC isoflurane.  Both anesthetics caused increases 

in channel mean open time, mean burst duration, and mean number of openings per burst.  

These changes are consistent with the hypothesis that volatile anesthetics enhance GlyR 

function by stabilizing the channel open state.  Although there were some subtle 

differences between the effects of the two drugs on the underlying open states and burst 
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duration components, these data suggest that halothane and isoflurane modulate the GlyR 

through similar kinetic mechanisms, despite the differences in their chemistry. 

 Chapter 6 provides an overall discussion of the investigations presented in 

Chapters 3-5.  General conclusions about the molecular mechanisms underlying allosteric 

modulation of GlyR function are proposed. 
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2.0 Materials and Methods 

 

 

2.1 Molecular Biology 

 The coding region for the α1 subunit of the human wt glycine receptor was 

previously subcloned into a pBK-CMV vector modified by the removal of ~200 bp 

coding for the lac promoter and the lacZ start codon (Mihic et al., 1997).  In this 

construct, the α1 GlyR subunit cDNA is under the control of a CMV promoter which 

allows for expression of the α1 subunit in heterologous expression systems.  In order to 

produce GlyR cDNAs for use with heterologous expression systems, supercompetent 

XL1-Blue E. coli (Stratagene) were transformed with the GlyR plasmid and then streaked 

on LB agar plates containing 50 µg/ml Kanamycin.  Since the pBK-CMV vector contains 

a Kanamycin resistance gene, successfully transformed XL1-Blue cells were able to 

overcome the antibiotic and grow into colonies.  Colonies were picked and used to 

inoculate liquid LB cultures that were grown overnight in a shaking incubator.  

Depending on the amount of GlyR cDNA desired, the plasmid DNA was isolated from 

the cultures through either Mini- or Maxi-prep protocols (Qiagen).  Samples of the 

isolated plasmids were run through a spectrophotometer to determine both yield (in 

µg/µl) and quality (as determined by the A260/A280 ratio).  Plasmid preps with an 

A260/A280 ratio near 1.8 were cleared for use with the heterologous expression systems. 
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 Point mutations were made in the α1 GlyR subunit cDNA sequence using the 

QuickChange Mutagenesis kit from Stratagene.  The QuickChange protocol utilized 

custom oligonucleotide primers that were designed to contain the desired point mutation 

in the middle of the primer sequence and which were ordered from/synthesized by 

Integrated DNA Technologies.  Both sense and antisense primers were mixed with the 

template α1 GlyR cDNA construct and a high fidelity DNA polymerase and the resulting 

reaction mixture was run through a thermocylcing protocol that led to several rounds of 

dissociation of template cDNA complimentary strands, annealing of mutagenesis 

primers, and polymerase extension from the 3’ ends of the mutagenesis primers.  

Ultimately, this cycling led to the production of new plasmids that incorporated the 

primers and therefore the point mutation.  The resulting reaction mixture was treated with 

the DpnI restriction enzyme, which digests the original template cDNA at methylated 

sites but not the newly synthesized cDNA which is not methylated.  The products of this 

reaction were then used to transfect XL1-Blue Supercompetent E. coli.  DNA was 

prepared from the transformed cells as described above.  In order to verify that the 

desired point mutation had in fact been incorporated into the resulting cDNA constructs, 

samples of the constructs were sent for sequencing through a dideoxy fluorophore 

method.  Constructs containing confirmed point mutations were then available for use 

with heterologous expression systems. 
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2.2 Xenopus oocyte harvesting, isolation, and cDNA injection 

 Xenopus laevis frogs were obtained from Xenopus Express and were maintained 

according to standard protocols (Beckstead et al., 2000).  Oocytes were harvested from 

Xenopus ovaries through a simple surgical procedure in which a frog was anesthetized, a 

small incision was made through the lower abdomen, and a piece of the ovary was 

removed.  Sutures were then used to close the incision, and the frog was allowed to 

recover so that oocytes could be harvested from it up to two more times. 

 Harvested oocytes are protected by a thick membrane that must be mechanically 

removed.  To accomplish this, a small section of ovary was placed in a hypertonic 

solution composed of (in mM) 108 NaCl, 2 KCl, 1 EDTA, and 10 HEPES, pH 7.5.  This 

solution loosened the protective membrane by slightly shrinking the oocytes so that the 

membrane could be mechanically removed with forceps.  In this manner, mature stage V 

and VI oocytes were removed from a small piece of the harvested ovary one by one.  

These oocytes were then treated for 10 minutes with a collagenase solution to remove the 

follicular cell layer, a second protective membrane.  Collagenase solution contains 0.5 

mg/ml collagenase B and (in mM) 83 NaCl, 2 KCl, 1 MgCl2, and 5 HEPES, pH 7.5.  The 

resulting fully isolated oocytes were then washed with and subsequently placed in 

Modified Barth’s Solution (MBS), an isotonic solution composed of (in mM) 88 NaCl, 1 

KCl, 2.4 NaHCO3, 10 HEPES, 0.82 MgSO4, 0.33 Ca(NO3)2, and 0.91 CaCl2, pH 7.5.   

 In order to express GlyRs in the isolated oocytes, cDNA constructs encoding wt 

or mutant α1 GlyR subunits were diluted in sterile diH2O to a concentration of 50 ng/µl.  
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A piece of capillary glass was pulled to a fine tip on a Sutter Instruments P-30 

Flaming/Brown puller, backfilled with mineral oil, and attached to a Drummond 

Nanoject II injector.  One to three µl of cDNA were then front-loaded into the injector.  

The glass tip of the assembled injector was used to pierce into the nucleus of individual 

oocytes and dispense 30 nl of cDNA.  After cDNA injection, the oocytes were placed 

individually into wells of a 96-well plate filled with an incubation media composed of 

MBS supplemented with 10 mg/L streptomycin, 10,000 units/L penicillin, 50 mg/L 

gentamicin, 90 mg/L theophylline, and 220 mg/L pyruvate.  Injected oocytes were kept in 

the dark at 18oC and used for electrophysiological experiments 1-10 days later. 
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2.3 Two-electrode voltage-clamp of Xenopus oocytes 

 Glycine-gated currents were recorded from Xenopus oocytes heterologously 

expressing wt and/or mutant α1 GlyR subunits using an OC-725C Oocyte two-electrode 

voltage clamp (Warner Instruments) with output to a paper chart recorder (Cole-Parmer).  

In two-electrode voltage clamp, an oocyte is placed in a small well in a perfusion 

chamber and is lightly impaled with two glass electrodes filled with 3 M KCl.  One of 

these electrodes passively monitors the membrane voltage while the other injects current 

to clamp the membrane voltage at a specific potential.  When an agonist is applied to an 

oocyte expressing GlyRs, the GlyR gates open allowing chloride flux out of the oocyte.  

This chloride flux is sensed via the voltage-monitoring electrode as a depolarizing force, 

which the voltage-clamp rapidly counters with the injection of negative current into the 

oocyte through the current electrode.  The amplifier continuously outputs the amplitude 

of this current and in this manner the activity of GlyRs in the oocyte membrane can be 

monitored. 

 Glass electrodes were pulled from capillary glass (FHC) on a Sutter Instrument P-

30 puller to tip resistances of 1-5 MΩ.  Recordings from GlyRs were made with the 

oocyte clamped at –70 mV.  Throughout the course of each experiment, a peristaltic 

pump (Cole-Parmer) continuously perfused solutions composed of MBS (see 2.2 for 

composition) or MBS + drug over the oocyte at a rate of 2 ml/min.  At the same time, 

excess solution was continually removed from the recording chamber by gravity flow 

into a waste reservoir, which in turn was emptied by a second line from the peristaltic 
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pump.  With this system, drugs could be applied to and washed out from an oocyte in a 

matter of seconds.  At the beginning of a typical oocyte experiment, maximal GlyR 

currents were determined by a 30 s application of 10 mM glycine.  All subsequent 

glycine and glycine + drug solutions were applied for 45 s and were followed by 10 min 

MBS washouts to ensure receptor recovery from desensitization.  In most experiments, 

the concentration of glycine producing a 10% of maximum effect (EC10) was determined 

next, and the oocyte was considered suitable for recording if the EC10 current magnitude 

changed less than 20% over a series of three applications.   For drug effect experiments, 

the effects of a specific drug on EC10 currents were then tested through a co-application 

of EC10 glycine plus the desired drug concentration.  For concentration response 

experiments, increasing glycine concentrations were then applied every 10-15 min 

(longer washouts were used for higher glycine concentrations to allow for receptor 

resensitization) until a maximal response was obtained.  
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2.4 Culture and cDNA transfection of mammalian cells 

 Sterile cell culture techniques were employed according to standard protocols 

(Freshney, 2000).  Human Embryonic Kidney (HEK) 293 cells were obtained from the 

American Type Culture Collection (Manassas, VA) and were cultured in a media 

composed 90% of Dulbecco’s Modified Eagle Media (DMEM) supplemented with 4500 

mg/L glucose, 584 mg/L L-glutamine, and 110 mg/L sodium pyruvate (Invitrogen) and 

10% of Fetal Bovine Serum (FBS; Gemini Bioproducts).  HEK cell cultures were 

maintained in a humidified incubator at 37oC with a 5% CO2 atmosphere and were grown 

in 10 cm round, cell culture-treated plastic petri dishes (Corning Life Sciences).  Cells 

were passaged every 3-4 days to maintain their confluency at < 80%.  To passage cells, a 

dish approaching 80% confluency was treated with Trypsin-EDTA in HBS (Invitrogen) 

for four minutes at 37oC.  This caused the cells to detach from the dish and from one 

another.  Dissociated cells were then aliquoted into new petri dishes containing DMEM + 

10% FBS at split ratios of 1:2, 1:4, and 1:9.  At two passages per week, cells were 

typically used for experiments between passage numbers five and fifteen. 

 A chemical transfection protocol utilizing the PolyFect transfection reagent from 

Qiagen was used to express wt and mutant α1 GlyR subunits in HEK 293 cells.  The 

PolyFect reagent is an activated-dendrimer that presents numerous positively charged 

amino groups on its surface.  These positive charges interact with the negatively charged 

phosphate groups of plasmid DNA to form aggregate structures that are readily taken up 

into cells (Tang et al., 1996).  Once inside cells, the DNA is released from the dendrimer 
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and is then free to be transcribed into mRNAs, which in turn are translated into GlyR 

subunits.  One common problem with using transfected cells is that the cells often 

express too many channels to be useful for single-channel recording experiments.  To 

overcome this, a method in which the majority of cDNA to be transfected was replaced 

with empty vector (i.e. pBK-CMV) was followed (Groot-Kormelink et al., 2002).  In our 

hands, it was found that a transfection mix in which only 5% of the DNA encoded for the 

α1 GlyR subunit was optimal for yielding protein levels appropriate for single-channel 

recording.  A second common problem with using transfected cells for electrophysiology 

is that the transfection efficiency tends to be fairly low, meaning that a large number of 

cells must be patched before finding one expressing GlyRs.  To overcome this, we 

included a small amount of cDNA containing the CD4 coding sequence in the 

transfection mix.  CD4 is a lymphocyte surface antigen that is readily labeled by 

commercially available anti-CD4 antibody coated polystyrene microspheres (Jurman et 

al., 1994).  Prior to an experiment, transfected cells could be briefly washed with anti-

CD4 beads.  Using conventional light microscopy, transfected cells were easily 

recognizable as they had several dark colored beads attached to their surface. 

Cells to be transfected were split into individual wells of a 6 well plate (Corning) 

at low ratios so as to yield a low confluency (~20%).  Each well contained a Thermanox 

plastic coverslip (Nunc).  A transfection mix containing 0.08 µg GlyR construct cDNA, 

0.15 µg CD4 construct cDNA, 1.4 µg pBK-CMV empty vector cDNA, and 10 µl of 

PolyFect reagent was prepared for each well and allowed to incubate for 10 min to 
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promote DNA-dendrimer complex formation.  The incubated mix was then added to the 

well of cells to be transfected.  After six hours in the incubator, the transfected cells were 

washed to remove any remaining transfection complexes.  Cells expressed functional wt 

and mutant GlyRs as early as 24 hours post-transfection and were considered usable for 

experiments anywhere from 1-5 days post-transfection. 

 



69 

2.5 Patch clamp electrophysiology 

 Electrical currents were recorded from HEK cells using patch clamp 

electrophysiology (Hamill et al., 1981).  In patch clamp electrophysiology, a tight seal is 

formed between the tip of a pulled capillary glass electrode and the membrane of a cell.  

This seal establishes a gigaOhm (GΩ) resistance to current flow between the electrode tip 

and the cell membrane and is therefore known as a gigaseal.  Due to this high resistance, 

gigaseals allow the recording of ion channel activity with excellent signal to noise ratios.  

In order to detect the activity from single ion channels, particularly high signal to noise 

ratios must be attained.  The characteristics of the glass recording electrode are critical to 

determining the success of single channel recording.  For stable, low noise recordings, 

recording electrodes were prepared in three steps.  First, using a P-97 Flaming/Brown 

micropipette puller (Sutter Instrument), recording electrodes were pulled to tip 

resistances of 7-15 mΩ from borosilicate capillary glass (Sutter Instrument) or from 

Corning #0010 capillary glass (World Precision Instruments).  Both types of glass had an 

outer diameter of 1.5 mm and an inner diameter of 0.75 mm.  The barrel region just 

above the tips of pulled electrodes was subsequently coated with Sylgard 184 (Dow 

Corning), a silicone elastomer that limits the formation of capacitance transients across 

the surface of the recording electrode.   Finally, the electrode tips were fire polished with 

a microforge (Narishige) to create a smooth surface that was better able to form gigaseals 

with the cell membrane. 
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 Single channel recordings were conducted in the outside-out patch mode, in 

which a patch of membrane was sealed to the glass recording electrode with its 

intracellular face exposed to the interior of the electrode and its extracellular face 

exposed to the bath.  To obtain outside-out patches, the cell-attached patch configuration 

must first be acquired by lightly pressing the recording electrode to the membrane of an 

HEK cell and applying a slight amount of suction to obtain a gigaseal.  From this 

configuration, further suction was applied to rupture the membrane patch sealed within 

the electrode tip and obtain the whole-cell configuration.  By gently lifting the recording 

electrode up and away from the cell, a patch of membrane would usually detach from the 

cell, resulting in an outside-out patch. 

 Since the outside-out patch configuration results in exposure of the intracellular 

face of the membrane patch to the recording electrode solution, electrodes were filled 

with an intracellular solution (ICS) composed of, in mM: 145 CsCl, 4.95 CaCl2, 2 MgCl2, 

10 HEPES, 5 EGTA, pH to 7.3 with CsOH, osmolarity of ~310 mmol/kg.  Patches were 

bathed in and drug solutions were prepared in an extracellular solution (ECS) composed 

of, in mM: 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 15 glucose, 20 sucrose, pH to 

7.4 with NaOH, osmolarity of ~325 mmol/kg.  Note that these solutions surround the 

patch with isotonic chloride, meaning that the chloride reversal potential (ECl) is at ~ 0 

mV, uncorrected for a slight junction potential of < 5 mV.  Throughout the entire course 

of each experiment, the recording chamber bath was continually perfused with ECS 

supplied from a 50 ml glass syringe by gravity flow. 
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 Agonist and drug solutions were applied to patches through a local, rapid 

exchange perfusion device, the SF-77B Perfusion Fast-Step system (Warner 

Instruments).  Solutions were loaded into an array of 20 ml glass syringes, with the 

output of each syringe connected to one of up to three manifolds.  Each manifold had six 

inputs but only one output, thereby allowing the flow of one solution at a time.  The 

manifold outputs were connected to a pulled theta glass capillary (if two manifolds were 

being used) or to a three-barrel square glass capillary array (if three manifolds were being 

used).  The glass outlets were positioned in the recording bath chamber so that patches 

could be positioned directly in front of one of the outlets.  Solutions were delivered 

through gravity flow, and at least one solution was running through each glass outlet 

throughout the duration of recording.  Rapid solution exchanges (on the order of a ms) 

were made possible by rapid lateral repositioning of the perfusion outlets through the 

action of the SF-77B stepper motor.  In this way, patches could be quickly switched from 

one solution stream to another.  The tubing connecting the glass syringes to the perfusion 

manifolds was composed of medical grade polyethylene except when volatile anesthetics 

were being applied, in which case the polyethylene was replaced with teflon tubing to 

reduce anesthetic loss through outgassing.  For steady state single channel recordings, 

patches were initially perfused with ICS alone while seal resistance was measured and 

were subsequently switched to a solution stream containing glycine or glycine plus drug.  

Steady state patches would then remain in this solution stream for the duration of the 

recording. 
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  Electrophysiological recordings were made via an Axopatch 200B amplifier 

(Axon Instruments).  The Axopatch 200B uses a capacitor-feedback integrating 

headstage (as opposed to more conventional resistor-feedback headstages) to convert 

current signals entering through the recording electrode into voltages with only minimal 

noise pickup.  To further reduce noise, the headstage is actively cooled through a Peltier 

device to –15 to –20oC.  This circuitry allows for recordings at 10 kHz filtering with a 

root mean square noise of < 145 femtoAmps.  Outside-out patches used for single 

channel recording generally had seal resistances > 10 GΩ, as determined by the 

magnitude of current required to generate a 5 mV voltage step.  Patches were voltage-

clamped at –60 mV.   

The analog output of the Axopatch 200B voltage clamp was filtered at 10 kHz 

either through a 4-pole lowpass Bessel filter included in the Axopatch or through an 8-

pole external lowpass Bessel filter.  Filtered analog signals were digitized at 50 kHz 

through a Digidata 1322A (Axon Instruments) and recorded onto a computer hard drive 

by Clampex 8.2 or 9.0 software (Axon Instruments).  In addition to recording channel 

activity, Clampex provided computer control over the clamped membrane voltage, the 

data sampling rate, and via the Digidata 1322A was interfaced with the SF-77B perfusion 

system to provide rapid and accurate control of the perfusion stepper motor. 
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2.6 Analysis of macroscopic currents 

 Macroscopic currents from recordings of GlyR activity in Xenopus oocytes were 

measured to determine peak current amplitude.  These amplitudes were grouped 

according to treatment, and for each treatment, mean and standard error of the mean 

(SEM) values were calculated.  Differences between treatment groups were considered 

significant when p < 0.05 and were detected by one-way or two-way ANOVAs with 

Tukey’s post-hoc test or by t-tests with Bonferroni correction using SigmaPlot (SPSS) or 

OriginPro 7.0 (OriginLab).  Concentration-response data were fit with the Hill function 

using a nonlinear least squares fitting algorithm in OriginPro 7.0. 
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2.7 Analysis of single channel data 

 Single channel data were analyzed using the QuB suite of analysis algorithms 

(Qin et al., 1996; Qin et al., 2000a; Qin et al., 2000b).  Data recorded through Clampex 

were converted to QuB format and manually processed to remove occasional noise spikes 

that might interfere with later analysis.  Baseline drift and DC offset were then corrected 

for by an adaptive window baseline algorithm.  The current amplitude and standard 

deviation of the baseline current and open channel current levels were estimated by 

selection of representative sections of data for each current level.  With this information, 

the Segmental-K Means hidden Markov algorithm of QuB then detected opening events 

and generated an idealized data record.  This record is essentially a list of the durations of 

opening and closing events maintained in the order in which they occurred.  All 

subsequent analyses were based off this idealized data. 

 Channel open dwell times were analyzed through Maximum Interval Likelihood 

fitting of open dwell time histograms with the following probability density function: 

 

 

This function allows for fitting with a single exponential or the sum of multiple 

exponentials, where for each exponential component ai is the percentage of data 

described by that particular component and τi is the time constant of the component.  

Open dwell time histograms were first fit with a single exponential function and then 

iteratively fit with additional exponentials until the log likelihood ratio (a measure of the 

Equation 2.1
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quality of the fit) no longer increased significantly.  Thus, if fitting the data with n+1 

components did not result in a significant improvement over fitting with n components, 

then the n component fit would be considered optimal.  In the current studies, all GlyR 

open dwell time histograms were best fit by the sum of three exponential functions.  

Channel mean open time was calculated by taking the weighted mean of the time 

constants according to the following function: 

 

 

 Data were divided into bursts of openings based on the duration of dwells in the 

closed state.  By definition, bursts begin with an opening event and are terminated when a 

closing event longer than a critical time constant, tcrit, is detected.  This time constant is 

chosen so that an equal proportion of intraburst and interburst closing events are 

misclassified as terminating or belonging within bursts, respectively (Colquhoun and 

Sakmann, 1985).  Accordingly, tcrit is calculated based on analysis of closed dwell time 

histograms.  Closed dwell time histograms were best fit with the sum of four exponentials 

using the Maximum Interval Likelihood algorithm of QuB.  Inspection of these 

histograms revealed a distinct valley between the dwells in the shorter two closed states 

and the longer two closed states.  tcrit was therefore calculated as falling between the 

second and third closed components according to the function: 

 

∑= iiamean τ
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Equation 2.2

Equation 2.3
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In this function, τf is the time constant of the faster closed state component (in our case 

the τ of the second closed state) and τs is the time constant of the slower closed state 

component (the τ of the third closed state).  With a value for tcrit determined, data were 

divided into bursts of openings through a chopping algorithm in which dwells in the 

closed state longer than tcrit were discarded and replaced with signals marking the end of 

a segment. 

 With the data divided into bursts, burst duration analysis was conducted in much 

the same way as open dwell time analysis.  A list of the burst durations was generated 

and from this a burst duration histogram was created.  The burst duration histogram was 

then fit with exponential probability density functions (Equation 2.1) using the Maximum 

Interval Likelihood algorithm of QuB.  Mean burst duration was calculated as the 

weighted mean of the individual burst duration component time constants (Equation 2.2). 

 Intraburst channel open probability (Popen) was determined according to the 

method of Burzomato et al. (Burzomato et al., 2004).  In this method, Popen is calculated 

as the ratio of the sum of the open times within bursts to the sum of the burst durations.  

This contrasts with the more conventional approach of determining Popen by calculating 

the individual ratios of open time to burst duration for each burst and then taking the 

mean of these ratios.  The Burzomato et al. approach has the advantage of weighting the 

data according to duration so that longer bursts, which provide more accurate estimates of 

Popen, contribute more to the final Popen value. 



77 

( )ii ρµ −= 1/1

 The properties of the number of openings per burst were analyzed through fitting 

of openings per burst histograms with the following geometric distribution: 

 

 

In this function, ai refers to the proportion of openings per burst data described by each 

geometric component, ρi is a dimensionless variable that must be < 1, and r must be an 

integer.  Since the number of openings per burst must be an integer, openings per burst 

data are discretely distributed and therefore must be fit with a discrete distribution, i.e. 

the geometric distribution, rather than a continuous distribution such as the exponential 

distribution.  This fitting was conducted using the nonlinear least squares fitting 

algorithm in OriginPro 7.0.  The effective mean openings per burst values, µi, for each 

geometric component were calculated from the individual ρi values according to: 

 

 

The overall mean number of openings per burst was determined from the weighted 

average of these individual means, much as the mean open time and mean burst duration 

were calculated, according to the following function: 

 

 

 Channel conductance values were determined by first measuring the amplitude of 

channel currents in the open state.  This was accomplished by generating amplitude 
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histograms from opening events and a portion of surrounding baseline.  Amplitude 

histograms were then fit with the sum of two Gaussian functions, one describing the 

baseline current magnitude and the other describing the channel open state current 

magnitude.  The absolute difference between the means of these two amplitudes was 

taken and the chord conductance was calculated from Ohm’s law: 

 

 

where g represents unitary channel conductance, I represents the absolute current 

amplitude of the channel open state, and V represents the absolute difference between the 

membrane potential and ECl (60 mV for our studies). 

With the exception of openings per burst analysis, all of the above analyses were 

conducted for each individual patch.  Overall mean values and SEMs were then 

determined for each treatment group.  In order to improve the quality of the openings per 

burst analyses, all openings per burst data from patches within a particular treatment 

group were combined before fitting with the geometric distribution. 

 

 

VIg /= Equation 2.7
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2.8 Chemicals and preparation of drug solutions 

 All chemicals, with the exception of those detailed below, were obtained from 

Sigma-Aldrich (St. Louis, MO).  PMTS was obtained from Toronto Research Chemicals, 

enflurane from Bristol-Myers Squibb, isoflurane from Marsam Pharmaceuticals, and 

collagenase B from Roche. 

All aqueous solutions were prepared from deionized, filtered water (diH2O).  

Solutions of water-soluble drugs were made by simply adding the desired amount of drug 

to buffer (MBS or ECS) and briefly vortexing the solution to ensure thorough mixing.  

Solutions containing 50 µM PMTS were prepared from a PMTS stock in DMSO, while 

solutions containing 5 mM PMTS were prepared directly from pure PMTS.   

All volatile anesthetic solutions were made so that the final concentration of 

anesthetic perfused over the oocyte or membrane patch was at 2 MAC.  Since volatile 

anesthetics are commonly lost through the perfusion tubing due to outgassing, we 

determined the percent loss through the perfusion tubing in order to properly compensate 

for it.  Solutions containing 2 MAC anesthetic concentrations were prepared, and samples 

were taken from these solutions before and after they were run through the perfusion 

system.  The anesthetic concentrations in these samples were then measured through gas 

chromatography according to a previously described method (Eger et al., 1999).  This 

revealed that there was a 50% loss of volatile anesthetics through the Xenopus oocyte 

perfusion system and a 10% loss through the patch clamp perfusion system.  

Accordingly, volatile anesthetic solutions to be used for oocyte experiments were 
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prepared at 3 MAC, while those to be used for mammalian cell experiments were 

prepared at 2.2 MAC.  Solutions prepared with these anesthetic concentrations were then 

checked by gas chromatography to confirm that the final anesthetic concentration 

reaching the oocyte or cell patch was at 2 MAC. 
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3.0 Occupancy of a single anesthetic binding pocket is sufficient to 

enhance glycine receptor function 

 

 

3.1 Introduction 

Alcohols and volatile anesthetics enhance the function of inhibitory glycine 

receptors (GlyRs).  This is hypothesized to occur by their binding to a pocket formed 

between the transmembrane domains of individual α1 GlyR subunits.  Because GlyRs are 

pentameric, it follows that each GlyR contains up to five alcohol/anesthetic binding sites, 

with one in each subunit.  We asked how many subunits per pentamer need be bound by 

drug in order to enhance receptor-mediated currents.  A cysteine mutation was introduced 

at amino acid serine-267 (S267C) in the TM2 domain as a tool to block GlyR 

potentiation by some anesthetic drugs and to provide a means for covalent binding by the 

small, anesthetic-like thiol reagent propyl methanethiosulfonate (PMTS).  Xenopus laevis 

oocytes were co-injected with various ratios of wild-type (wt) to S267C α1 GlyR cDNAs 

in order to express heteromeric receptors with a range of wt:mutant subunit 

stoichiometries.  The enhancement of GlyR currents by 200 mM ethanol and 1.5 mM 

chloroform was positively correlated with the number of wt subunits found in 

heteromeric receptors.  Furthermore, currents from oocytes injected with high ratios of wt 

to S267C cDNAs (up to 200:1) were significantly and irreversibly enhanced following 
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PMTS labeling and washout demonstrating that drug binding to a single subunit in the 

receptor pentamer is sufficient to induce enhancement of GlyR currents. 

 Although volatile anesthetics were long believed to have non-specific, lipid-based 

mechanisms of action, accumulating evidence led to a shift in research focus to the study 

of protein sites of anesthetic action and especially to the effects of these drugs on ion 

channels (Mihic, 1999; Rudolph and Antkowiak, 2004).  Among the most studied 

molecular targets for these drugs are members of the Cys-loop family of ligand-gated ion 

channels including the glycine receptor (GlyR), the primary inhibitory neurotransmitter 

receptor in the spinal cord and brainstem (Legendre, 2001).  Studies in rats have shown 

that GlyRs mediate the immobilizing effects of the anesthetics halothane, isoflurane, and 

cyclopropane (Zhang et al., 2003).  In transgenic mice expressing an alcohol-insensitive 

mutant GlyR, these receptors mediate, at least in part, the sedating and anesthetic effects 

of alcohol (Findlay et al., 2002).  These in vivo data agree with functional studies 

indicating that pharmacologically-relevant concentrations of alcohols and volatile 

anesthetics potentiate GlyRs in both brain slices and heterologous expression systems 

(Mascia et al., 1996a; Downie et al., 1996; Beckstead et al., 2001; Daniels and Roberts, 

1998).   

 Significant advances have been made in the understanding of the molecular 

mechanisms of alcohol and volatile anesthetic enhancement of GlyR function.  The GlyR 

consists of a pentameric assembly of subunits surrounding a central, anion-conducting 

pore (Langosch et al., 1988).  Each of these subunits contains a large, N-terminal 
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extracellular domain responsible for agonist binding, as well as four transmembrane 

(TM) domains, of which TM2 lines the channel pore and forms the channel gate (Lynch, 

2004).  Mihic et al. identified two amino acids, serine 267 (S267) in TM2 and alanine 

288 (A288) in TM3, that, when mutated, blocked alcohol and anesthetic enhancement of 

GlyR-mediated currents (Mihic et al., 1997).  Alcohols and anesthetics were 

hypothesized to potentiate GlyRs by binding in a water-filled pocket formed between 

TM2 and TM3.  A subsequent study supported this hypothesis by showing that thiol 

reagents could covalently react with cysteine residues at position 267 (S267C) to 

irreversibly enhance receptor function (Mascia et al., 2000).  Thiols, like volatile 

anesthetics, may enhance GlyR function by occupying space within the water-filled 

pocket.  Interestingly, recent structural data for the nicotinic acetylcholine receptor, 

another cys-loop family member, indicates that there is a water-filled crevice located 

between the transmembrane domains of each receptor subunit (Miyazawa et al., 2003). 

Each of the five subunits in a homomeric GlyR possesses a possible TM2/TM3 

anesthetic binding site.  In previous studies of binding pocket mutants, the mutant 

subunits were expressed without wt subunits so that all five subunits in receptors bore the 

mutation; as a result it was unclear how many subunits had to be bound by anesthetics in 

order for their enhancing effects to be observed.  In the present study, we tested the 

hypothesis that occupancy of a single anesthetic binding pocket per receptor pentamer is 

sufficient to potentiate GlyR currents.  By co-injecting different ratios of the S267C 

mutant cDNA with wild-type α1 GlyR subunit cDNAs in Xenopus laevis oocytes, we 
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generated heteromeric receptors containing one to four mutant subunits and then tested 

the effects of alcohols, anesthetics, and the thiol labeling reagent propyl 

methanethiosulfonate (PMTS) on these receptors.  Our results suggest for the first time 

that occupancy of even a single alcohol or anesthetic binding pocket in a GlyR pentamer 

can result in enhancement of GlyR function. 
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3.2 Materials and Methods 

Isolation, cDNA injection, and two electrode voltage-clamp of Xenopus oocytes, 

as well as culture and cDNA transfections of HEK 293 cells, preparation and composition 

of solutions, and analysis of data were conducted as described in Chapter 2 with the 

exception of the procedures described below. 

Wild-type, S267C, S267M, and P250T cDNAs were injected into the nuclei of 

isolated oocytes, either individually to express homomeric GlyRs or in a range of 

wt:S267C, S267M:S267C, or P250T:S267C cDNA ratios so as to promote the expression 

of heteromeric GlyRs.  Assuming that wt, S267C subunits are equally likely to assemble 

into receptor pentamers, the predicted distribution of receptor compositions can be 

described by the formula 

 

 

 

 

where P represents the percentage of receptors containing x wt subunits and (5-x) S267C 

subunits, pwt represents the fraction of wt cDNAs injected, and pS267C represents the 

fraction of S267C cDNAs injected.  Calculated receptor composition percentage 

distributions for the cDNA ratios tested are shown in Table 3.1.   
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Table 3.1.  Predicted prevalence of receptor subunit compositions according to the 
ratio of wt to S267C α1 GlyR cDNAs injected.   
 

  Ratio of subunit cDNAs injected (wt:S267C) 

  wt         S267C 
 1:0 200:1 100:1 50:1 30:1 10:1 4:1 1:1 1:4 0:1 

5:0 100% 97.5 95.1 90.6 84.9 62.1 32.8 3.1 - - 
4:1 - 2.4 4.8 9.0 14.2 31.1 41.0 15.6 0.6 - 
3:2 - - 0.1 0.4 0.9 6.2 20.5 31.3 5.1 - 
2:3 - - - - - 0.6 5.1 31.3 20.5 - 
1:4 - - - - - - 0.6 15.6 41.0 - R

ec
ep
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0:5 - - - - - - - 3.1 32.8 100% 
 
 
- = zero or negligible 
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At the beginning of each experiment, maximal GlyR currents were determined by 

a 30 s application of 10 mM glycine.  All subsequent glycine and glycine + drug 

solutions were applied for 45 s and were followed by 10 min MBS washouts to ensure 

receptor recovery from desensitization.  In most experiments, the concentration of 

glycine producing a 10% maximal effect (EC10) was determined next, and the oocyte was 

considered suitable for recording if the EC10 current magnitude changed less than 20% 

over a series of three applications.  For the PMTS labeling experiments, EC10 glycine was 

established, the oocyte was washed for 5 min, 50 µM PMTS was applied for 220 s, and a 

second 5 min washout was allowed before the next glycine application.   

To examine the activation and deactivation kinetics of wt and S267C homomeric 

GlyRs, macroscopic currents were recorded from outside-out macropatches pulled from 

transiently transfected HEK 293 cells.  The procedure for obtaining these patches was 

identical to that described in Chapter 2.5 for obtaining normal outside-out patches except 

that the recording electrodes were pulled to lower tip resistances (4-6 MΩ).  Rapid, 1 s 

applications of 10 mM glycine were made onto macropatches through the SF-77B 

perfusion system with a pulled theta glass outlet.  The one-way solution exchange time 

with this system was determined to be ~1 ms according to the open tip response to a 

change in junction potential resulting from a 1 s application of 90% ECS.  Macroscopic 

outside-out patch currents were analyzed in Clampfit 9.0 (Axon Instruments) to 

determine the 10-90% rise time of activation and the percent desensitization over the 

course of glycine exposure.  In addition, the activation and desensitization components of 
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these currents were fit with exponential functions to determine time constants for 

activation and desensitization. 



89 

3.3 Results 

 

3.3.1 The S267C mutation blocks GlyR potentiation by ethanol and chloroform 

The S267C mutation in TM2 of the α1 subunit of the GlyR blocks receptor 

enhancement by ethanol (Ye et al., 1998) but does not affect potentiation by isoflurane, 

enflurane or octanol (Mascia et al., 2000).  We confirmed and extended these findings by 

examining the effects of the alcohols ethanol and decanol and the volatile anesthetics 

chloroform, isoflurane, enflurane, and halothane on glycine-gated currents in oocytes 

expressing either homomeric wt α1 GlyRs or homomeric S267C α1 GlyRs.  As 

expected, all of these compounds produced significant potentiation of wt GlyR currents 

when co-applied with EC10 glycine (Fig. 3.1A-C).  In oocytes expressing the mutant 

receptor, the S267C mutation blocked GlyR potentiation by 200 mM ethanol and 

changed the strong potentiating effect of 1.5 mM chloroform into a slight inhibition (Fig. 

3.1A-B).  S267C had no significant effect on receptor potentiation by 25 µM decanol, 0.6 

mM isoflurane, 1.2 mM enflurane, and 0.5 mM halothane (Fig. 3.1A,C).   
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Figure 3.1.  The degree of receptor potentiation by chloroform and ethanol is 
inversely correlated with the average number of S267C binding pockets available 
per receptor.  (A) Tracings of typical current responses to EC10 glycine and glycine + 1.5 
mM chloroform, 200 mM ethanol, or 0.6 mM isoflurane from oocytes injected with 1:0, 
4:1, 1:1, 1:4, or 0:1 ratios of wt:S267C cDNAs.  Each pair of responses is from a separate 
oocyte.  (B) Chloroform (1.5 mM) and ethanol (200 mM) enhanced currents from wt α1 
GlyRs but not those from S267C α1 GlyRs.  (C) Both wt and S267C α1 GlyR currents 
were enhanced to a similar degree by isoflurane (0.6 mM), enflurane (1.2 mM), halothane 
(0.5 mM), and decanol (25 µM).  (D) Chloroform (1.5 mM) and ethanol (200 mM) 
potentiation of GlyR currents decreased as the proportion of S267C cDNAs injected 
increased, while potentiation by isoflurane (0.6 mM), enflurane (1.2 mM), halothane (0.5 
mM), and decanol (25 µM) was largely unaffected.  Responses are reported as a 
percentage of the baseline EC10 current where 100% indicates no change from baseline.  
Data are mean ± SEM of 6-12 oocytes.   
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3.3.2 Increasing the number of S267C subunits per GlyR decreases receptor 

potentiation by ethanol and chloroform 

We hypothesized that varying the number of mutant subunits per GlyR would 

reveal a graded correlation between receptor composition and the degree of receptor 

potentiation by ethanol and chloroform.  In order to express heteromeric GlyRs, oocytes 

were injected with mixtures of wt and S267C cDNAs prepared in ratios of 4:1, 1:1, and 

1:4 (wt:S267C).  Given the reasonable assumptions (addressed in the Discussion section) 

that wt and S267C cDNAs yield receptor subunits equally well and that the S267C 

mutation has little or no effect on pentamer assembly, these cDNA combinations should 

give rise to receptors with an average of 1, 2-3, and 4 mutant subunits, respectively.  

Table 3.1 provides calculated distributions of receptor subunit compositions for each of 

the cDNA ratios injected.  In these oocytes, receptor enhancement by 200 mM ethanol 

and 1.5 mM chloroform decreased as the proportion of S267C subunits increased (Fig. 

3.1D).  For ethanol, GlyR potentiation was no longer apparent when an average of 2-3 of 

the receptor subunits contained mutant binding pockets, whereas for chloroform, 

potentiation was evident until an average of 4 subunits bore the mutant binding pocket.  

As with the homomeric receptors, potentiation of the heteromeric receptors by 25 µM 

decanol, 0.6 mM isoflurane, 1.2 mM enflurane, and 0.5 mM halothane did not depend on 

receptor subunit makeup, indicating that the heteromeric receptors retain the ability to be 

potentiated by alcohols and anesthetics (Fig. 3.1D).   
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3.3.3 PMTS reversibly enhances wt GlyR currents and irreversibly enhances S267C 

GlyR currents 

 In order to more directly assess how many binding pockets must be occupied to 

induce receptor potentiation, we covalently modified the anesthetic binding pocket.  

PMTS is a small, uncharged molecule that reacts with the thiol group of cysteine residues 

to attach a propyl group through a disulfide bond.  It was previously demonstrated that 

perfusion of homomeric S267C mutant GlyRs with PMTS results in labeling of the 

mutant cysteine residue and permanent potentiation of receptor function after PMTS 

washout (Mascia et al., 2000).  However, before using this approach to examine binding 

pocket occupancy, we showed that 5 mM PMTS enhances GlyR function like alcohols or 

anesthetics when directly co-applied to wt and S267C GlyRs with an EC10 concentration 

of glycine (Fig. 3.2).  After a 10 min washout, the wt response to EC10 glycine was 

slightly decreased from baseline, indicating that PMTS interacts reversibly with these 

receptors.  In contrast, the S267C response remained significantly potentiated after PMTS 

washout, indicating that PMTS covalently labels the mutant cysteine residue in S267C 

receptors such that the binding pocket remains permanently occupied by the propyl group 

attached to the mutant cysteine. 
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Figure 3.2.  PMTS acts like an alcohol or anesthetic on wt and S267C receptors.  (A) 
Current tracings of representative wt and S267C homomeric GlyR responses to the 
application of 5 mM PMTS + EC10 glycine and to EC10 glycine 10 min later.  (B) PMTS 
enhanced wt and S267C GlyR currents when co-applied with glycine.  After a 10 min 
washout, wt GlyR currents were slightly lower than before the PMTS application while 
S267C GlyR currents remained enhanced due to covalent labeling of the mutant cysteine 
residue by PMTS.  Data are mean ± SEM of 5-6 oocytes.  *p<0.05, t-test versus baseline. 
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3.3.4 PMTS labeling of a single subunit per GlyR pentamer is sufficient to enhance 

GlyR currents 

We next asked whether PMTS labeling of a single mutant cysteine residue in 

receptor heteromers containing 4 wt subunits and 1 S267C subunit would lead to receptor 

enhancement.  To express receptors containing 1 mutant subunit, oocytes were injected 

with cDNAs in the ratio of 30:1 wt:S267C.  Based on the calculated values shown in 

Table 1, this ratio should give rise to a pool of receptors in which 85% are homomeric wt 

and the remaining 15% are heteromeric.  Of the heteromeric receptors, 94% were 

calculated to contain only one mutant subunit and the remaining 6% to contain two 

S267C subunits.  For each oocyte, an EC10 concentration of glycine was established, 50 

µM PMTS was perfused for 220 s, and the response to EC10 glycine was measured 5 

minutes later (Fig. 3.3A-B).  Currents from oocytes injected with the 30:1 ratio of 

wt:S267C cDNAs were significantly potentiated following PMTS application and 

washout, as were currents from oocytes injected only with S267C GlyR cDNAs.  In 

contrast, currents from wt cDNA injected oocytes were not enhanced by the treatment.   

 Since PMTS labeling of the 30:1 wt:S267C injected oocytes yielded a sizeable 

potentiation, we hypothesized that we could further decrease the proportion of S267C 

cDNAs injected and still observe a significant potentiation of GlyR function after PMTS 

labeling.  By reducing the proportion of S267C subunits in the overall subunit pool, the 

chances of more than one mutant subunit assembling into a receptor pentamer would be 

minimized.  To this end, oocytes were injected with increasing ratios of wt:S267C 
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subunit cDNAs (50:1, 100:1, and 200:1) and, as above, the response to EC10 glycine was 

determined before and after 50 µM PMTS application.  Confirming the hypothesis, 

potentiation was observed for each cDNA ratio, and the averaged data revealed a linear 

correlation between the predicted percentage of heteromeric receptors relative to total 

receptors and the degree of receptor enhancement (Fig. 3.3C).  This correlation strongly 

supports the overall hypothesis that occupancy of a single alcohol and anesthetic binding 

pocket per receptor pentamer is sufficient to induce receptor potentiation. 
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Figure 3.3.  Occupancy of a single binding site by PMTS induces receptor 
potentiation.  (A) Representative tracings of currents elicited by EC10 glycine 5 min 
before and 5 min after a 220 s application of 50 µM PMTS.  Oocytes were injected with 
wt, S267C or a 30:1 ratio of wt:S267C α1 GlyR cDNAs.  (B) PMTS application led to 
irreversible enhancement of currents from oocytes injected with a 30:1 ratio of wt:S267C 
cDNAs or with S267C cDNAs alone.  Currents from oocytes injected with only wt 
cDNAs were not affected by 50 µM PMTS after the 5 min washout.  (C) Oocytes were 
injected with 50:1, 100:1, and 200:1 ratios of wt:S267C cDNAs or with wt cDNAs alone.  
The change from baseline after PMTS labeling is reported vs. the percentage of receptors 
predicted to contain at least one S267C subunit.  The data were well fit (r2=0.99) by a 
linear function indicating that the enhancement of currents by PMTS labeling was 
directly correlated with the predicted percentage of receptors containing an S267C 
subunit.  Data are mean ± SEM of 5-14 oocytes.  *p<0.05, Tukey’s test versus wt (B), t-
test with Bonferroni correction versus wt (C).  
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3.3.5 S267M mutations in non-labeled subunits reduce the ability of the PMTS 

labeled subunit to enhance GlyR function 

 Since drug binding to one subunit per receptor pentamer was sufficient to enhance 

receptor currents, we tested the hypothesis that the remaining subunits not binding drug 

could modify the enhancing effects of the drug bound to the first subunit.  To accomplish 

this, we utilized a serine to methionine mutation at position 267 (S267M) that cannot 

covalently react with PMTS.  S267M GlyR do not display potentiation by most alcohols 

and volatile anesthetics when expressed homomerically (data not shown).  Oocytes were 

injected with 100:1 and 30:1 ratios of S267M:S267C or wt:S267C α1 GlyR subunit 

cDNAs and current responses to EC10 glycine were determined before and after 

application of 50 µM PMTS (Fig. 3.4A).  At both the 100:1 and 30:1 cDNA ratios, the 

S267M mutation significantly reduced the enhancing effects of PMTS when compared to 

currents from oocytes injected with wt:S267C cDNAs at the same ratios (Fig. 3.4B).  

These results suggest that anesthetic enhancement of GlyR function can be affected by 

subunits in the pentamer which themselves are not directly interacting with anesthetic. 



98 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.  Receptor enhancement by PMTS labeling of one S267C subunit is 
decreased when the remaining four subunits are mutated from wt to S267M.  (A) 
Representative tracings of currents elicited by EC10 glycine 5 min before and 5 min after 
a 220 s application of 50 µM PMTS.  Oocytes were injected with 100:1 and 30:1 ratios of 
wt:S267C or S267M:S267C α1 GlyR cDNAs.  (B) The S267M mutation led to 
significantly less enhancement of receptor currents after PMTS labeling of 
S267M:S267C oocytes when compared to the PMTS enhancement of wt:S267C oocytes.  
Data are mean ± SEM of 6-8 oocytes.  *p<0.05, t-test versus wt:S267C. 
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3.3.6 The S267C mutation minimally affects normal GlyR function 

In order to assess whether the S267C mutation significantly alters GlyR 

expression or function, we examined homomeric and heteromeric GlyRs in two assays.  

First, currents elicited from oocytes upon application of a maximal concentration of 

glycine (10 mM) were determined.  The magnitudes of these responses provide a measure 

of the expression level and function of receptors (Findlay et al., 2003).  There was a small 

but significant difference (<30%) between the maximal currents elicited by homomeric 

wt and S267C receptors (Fig. 3.5A).  Additionally, maximal currents from oocytes 

injected with the wt:S267C cDNA ratios examined in this paper did not differ 

significantly from wt or S267C homomeric receptors.  Since the magnitude of maximal 

currents depends on the unitary conductance, activation and desensitization kinetics, and 

cell surface expression levels of receptors, we characterized wt and S267C receptor 

function in recordings from HEK 293 cell macropatches and single channel patches, to 

determine whether the S267C mutation specifically affects any of these properties.  Rapid 

perfusion macropatch studies showed that the activation time constants were less than 

one millisecond for both wt and S267C homomeric receptors and that the receptors did 

not differ in their rates of desensitization in response to a 1 sec pulse of 10 mM glycine 

(Fig. 3.6).  The single channel conductance of wt α1 GlyR in response to application of 

10 µM glycine was 103 pS while for homomeric S267C α1 GlyR it was 54 pS.  The 

observed difference in maximally-evoked currents from wt and S267C homomers seen in 

oocytes (Fig. 3.5A) can likely be explained by the lower conductance of S267C 
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receptors.  Thus, if channel kinetics do not differ between wt and S267C receptors (i.e., 

individual wt and S267C receptors behave almost identically) and unitary conductance 

can be accounted for, the whole-oocyte maximal currents should be reflective of channel 

numbers on the cell surface.  It is therefore likely that the ratios of subunit cDNAs 

injected accurately reflect the protein levels of subunits found on the cell surface. 

Second, glycine concentration-response data were obtained from oocytes injected 

with wt or S267C cDNAs or a 30:1 mixture of wt:S267C cDNAs (Fig. 3.5B).  Fits of the 

Hill function indicate that the S267C mutation had only a small effect on glycine 

sensitivity in both heteromeric and homomeric mutant receptors.  To further test whether 

the S267C mutation might somehow increase subunit expression levels, we adapted an 

approach developed by Breitinger and Becker (Breitinger and Becker, 2002).  These 

investigators identified a GlyR α1 mutation (P250T) that results in receptors with 

significantly rightshifted glycine responses.  When they mixed various ratios of wt to 

P250T cDNAs, they found that the glycine EC50s of receptors increased as the proportion 

of P250T cDNAs transfected increased.  We reasoned that if this P250T mutant was co-

injected with the S267C mutant, which shows no evidence of a rightshift, and if the 

S267C mutant was expressed at a higher level than we predicted, then one would expect 

P250T:S267C heteromers to display greater glycine sensitivity than P250T homomers.  

This was not the case (Fig. 3.5B). 
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Figure 3.5.  The S267C mutation does not significantly alter normal receptor 
function according to two measures.  (A) Maximal currents, as determined by 30 s 
perfusion with 10 mM glycine, were largely unaffected by the S267C mutation.   (B) 
Glycine concentration-response data from oocytes injected with wt, S267C, or P250T 
GlyR cDNAs alone or with a 30:1 wt:S267C ratio or 200:1 P250T:S267C ratio of 
cDNAs.  Data were fit with the Hill function.  The resulting EC50 values were 230 ± 16 
µM (wt), 180 ± 12 µM (30:1 wt:S267C), 200 ± 19 µM (S267C), 840 ± 65 µM (P250T), 
and 1430 ± 140 µM (200:1 P250T:S267C).  The Hill coefficients (nH) were 1.60 ± 0.15 
(wt), 1.64 ± 0.15 (30:1 wt:S267C), 1.12 ± 0.10 (S267C), 1.34 ± 0.11 (P250T), and 1.08 ± 
0.09 (200:1 P250T:S267C).  A two-way ANOVA revealed that the P250T mutation 
significantly (p<0.05) shifted glycine concentration-response curves to the right.  No 
significant difference was detected between homomeric P250T and 200:1 P250T:S267C 
heteromeric receptors.  Data are mean ± SEM of 8-93 oocytes (A) or 5 oocytes (B).  
*p<0.05, Tukey’s test versus wt. 



102 

 
Figure 3.6.  Activation and desensitization kinetics of wt and S267C α1 GlyR.  (A) Representative 
tracings of wt (black) and S267C (red) GlyR currents elicited by 1 s applications of 10 mM glycine to 
outside-out macropatches pulled from transiently transfected HEK 293 cells.  (B) The activation portion of 
the currents shown in A on a shorter time scale.  Currents in A and B were normalized and overlaid to 
facilitate visual comparison of kinetics.  The S267C mutation significantly increased the 10-90% rise time 
(C) and time constant of activation (D).  The mutation did not, however, significantly alter the amount of 
desensitization that occurred over the 1 s glycine application (E), nor did it alter the time constant of 
desensitization (F).  Time constants were determined by fits of an exponential function to the activation or 
desensitization portions of the currents.  Data are mean ± SEM of 3-6 oocytes.  *p<0.05, t-test of wt versus 
S267C. 
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3.4 Discussion 

Recent studies suggest that alcohols and anesthetics modulate GlyR function by 

binding to pockets formed between the transmembrane domains of individual GlyR 

subunits.  Because GlyRs are pentameric, each GlyR necessarily contains five binding 

pockets.  In the present study, we asked how many of these binding pockets must be 

occupied by drug in order to enhance GlyR currents.  To examine this problem, GlyR 

subunits containing the S267C binding pocket mutation were co-expressed with wild-

type subunits in various ratios to generate heteromeric receptors containing different 

numbers of mutant binding pockets.  The properties of these mutant binding pockets were 

then used to investigate the modulatory effects of alcohols, anesthetics, and the thiol 

reagent PMTS on these receptors. 

 In homomeric mutant receptors, the S267C mutation blocked GlyR potentiation 

by 1.5 mM chloroform and 200 mM ethanol but did not block potentiation by 25 µM 

decanol, 1.2 mM enflurane, 0.5 mM halothane, and 0.6 mM isoflurane.  These data 

indicate that S267C blocks the enhancing effects of the relatively small ligands 

chloroform and ethanol but not those of larger ligands.  This may be because the higher 

volumes of larger anesthetics cause them to interact with more residues in the binding 

pocket than do ethanol and chloroform, thereby allowing them to avoid the effects of the 

mutant residue in the binding pocket.  It should be noted that the concentration of ethanol 

used in this study (200 mM) represents an anesthetic concentration and is much higher 

than the ~17 mM blood alcohol concentration that defines the legal limit for alcohol 
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intoxication.  However, regulatory proteins, neuromodulators, and/or receptor 

phosphorylation may make the GlyR more sensitive to ethanol at concentrations closer to 

the legal limit (Aguayo et al., 2002; Mascia et al., 1998).  When oocytes were injected 

with 4:1, 1:1, and 1:4 ratios of wt:S267C cDNAs, chloroform and ethanol potentiation of 

receptor currents decreased in a graded fashion as the proportion of S267C subunits 

increased.  These data suggest that receptor currents could still be enhanced even when 

chloroform or ethanol could not productively interact with all possible binding pockets in 

the receptors.  The low affinities of alcohols and anesthetics prevented us from using 

these drugs to more precisely determine the minimal number of binding pockets that 

needed to be occupied for enhancement of receptor function.  Covalent labeling by 

PMTS, a molecule structurally related to alcohols and anesthetics and which enhanced 

receptor currents just as an alcohol or anesthetic would, allowed us to circumvent this 

problem.   

 We reasoned that co-injecting oocytes with a high ratio of wt:S267C GlyR 

cDNAs would strongly favor the formation of homomeric wt GlyRs.  A small percentage 

of receptors would be assembled into heteromers containing four wt subunits and one 

mutant subunit, and yet fewer still would contain multiple S267C subunits.  In oocytes 

injected with a 30:1 ratio of wt:S267C cDNAs, 50 µM PMTS application, followed by a 

five minute washout, resulted in more than 150% enhancement of GlyR currents.  

Extending this approach, we increased the ratio of wt:S267C cDNAs injected to 50:1, 

100:1, and 200:1.  Each of these cDNA ratios yielded receptors that were significantly 
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and irreversibly potentiated by PMTS.  At the 200:1 ratio, 97.5% of receptors were 

calculated to be composed exclusively of wt subunits while the remaining receptors 

contained only a single S267C subunit and 4 wt subunits.  Because PMTS had no 

permanent enhancing effect on homomeric wt GlyRs, the observed enhancement of 

receptor currents could only be attributed to PMTS occupancy of the single mutant 

binding pocket in heteromeric receptors containing one S267C subunit.  Importantly, the 

degree of potentiation in these receptors was linearly correlated with the cDNA ratio 

tested, confirming our hypothesis that fewer S267C subunits were expressed when less 

S267C cDNA was injected. 

 Application of PMTS resulted in marked potentiation of GlyR function in 

receptors containing S267C subunits.  For example, after injection of a 100:1 ratio of 

wt:S267C cDNAs, one would expect 5% of expressed receptors to contain a single 

S267C subunit and the remaining 95% to be composed completely of wt subunits.  The 

100% increase in current following PMTS application (Fig. 3.3C) must therefore have 

been due to a 20-fold increase in the current generated by this 5% of receptors.  A 20-fold 

increase would be greater than the predicted EC100 glycine response for these receptors.  

Such a large potentiating effect is seen because PMTS, unlike volatile anesthetics, binds 

covalently and thus is always present when glycine binds to activate the receptor.  A 

similarly large effect was previously observed with benzyl-MTS labeling of homomeric 

S267C GlyRs (Lobo et al., 2004a).  In addition, our estimate of the maximal effect of 

glycine (EC100) is likely an underestimate because drug perfusion in oocytes occurs 
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slowly and considerable desensitization may have occurred before the current peak height 

was achieved.  Thus, the calculated EC values for glycine in these experiments are likely 

over-estimates. 

If PMTS binding to a single S267C residue is sufficient to enhance GlyR currents, 

why does ethanol and chloroform enhancement of GlyR function decrease as the number 

of S267C subunits increases in heteromeric receptors (Fig. 3.1D)?  A logical supposition 

is that the properties of all subunits in a receptor and not just the ones physically 

interacting with anesthetics determine the GlyR responses to anesthetics, because all five 

subunits contribute to the formation of the channel gate and the central pore.  We tested 

this hypothesis by producing receptors that had at most a single S267C subunit paired 

with four anesthetic-insensitive S267M subunits.  After labeling with PMTS, we found 

that these receptors were significantly less enhanced than their wt:S267C counterparts.  

Thus, the ability of ethanol and chloroform to enhance receptors containing only one or 

two wt subunits may be blocked by the S267C subunits composing the rest of the 

receptor pentamer.   

Our interpretation of our results depends on the underlying hypothesis that the 

ratio of GlyR subunit cDNAs injected into oocytes is reflected in the ratio of subunits 

found in the resulting receptors.  Thus, cDNAs injected in high wt:S267C ratios promote 

the formation of heteromeric receptors containing a single mutant subunit.  Several lines 

of evidence argue that this is indeed occurring.  First, the S267C mutation is made by 

changing one nucleotide in the GlyR α1 subunit cDNA, making it highly unlikely that 
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there are differences in the rates of transcription and translation between wt and S267C 

cDNAs.  Second, previous studies determined that the regions responsible for GlyR 

assembly are in the extracellular, N-terminal portion of the subunit, far removed from the 

S267C site in TM2 (Griffon et al., 1999).  If the S267C mutation somehow favored the 

formation of homomeric S267C receptors, then the identity of the subunit co-expressed 

with S267C should not affect enhancement of S267C receptors by PMTS labeling.  Our 

data indicate, however, that when S267M and S267C cDNAs were co-injected, the 

effects of PMTS-labeling were significantly reduced.  Third, the substitution of a cysteine 

residue for serine is very conservative both chemically and functionally.  Chemically, it 

involves exchanging a hydroxyl group for a sulfhydryl group.  Functionally, it did not 

largely alter the glycine concentration-response curves in either heteromeric or 

homomeric S267C receptors, nor did it affect receptor enhancement by some of the drugs 

tested.  Fourth, at the 200:1 wt:S267C cDNA ratio, where it was predicted that more than 

99% of the heteromeric receptors contained only one mutant subunit, the preponderance 

of wt cDNA made it highly unlikely that more than one S267C subunit could be 

assembled into any single receptor, and yet PMTS still significantly enhanced the 

currents elicited by these receptors. 

 Our results lead to the conclusion that drug occupancy of a single alcohol or 

anesthetic binding pocket in a GlyR pentamer is sufficient to enhance receptor function.  

Previous findings suggest that proteins have a few discrete sites at which anesthetics can 

bind.  For example, three binding sites for halothane were identified in human serum 
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albumin (Bhattacharya et al., 2000), two binding sites for bromoform in luciferase 

(Franks et al., 1998) and there is a single alcohol binding site in the Drosophila odorant 

binding protein LUSH (Kruse et al., 2003).  Interestingly, in the case of LUSH it was 

found that the binding of a single alcohol molecule dramatically increased the 

conformational stability of the protein (Kruse et al., 2003).  In the case of the glycine 

receptor, whose alcohol binding pocket shares a motif with the LUSH alcohol binding 

pocket, there is therefore some precedent for the idea that the interaction of even a single 

anesthetic molecule at position 267 is sufficient to affect GlyR conformation and by 

extension, GlyR function.  This effect is perhaps due to the close proximity of S267 to 

both the channel gate in TM2 and the TM2/TM3 loop that transduces agonist binding 

information to the gate (Kash et al., 2003).  Our data do not indicate whether binding of 

additional drug molecules to a GlyR can lead to additional potentiation of receptor 

currents.  It seems likely that this is the case.  Single-channel studies indicate that binding 

of a single glycine molecule to one agonist binding site on a GlyR can lead to channel 

opening while binding of additional glycine molecules increases both the likelihood and 

duration of opening events (Beato et al., 2004; Burzomato et al., 2004).  Thus, one 

binding event is sufficient to modify activity, but multiple binding events may do so more 

effectively.  This conforms to allosteric theory, which posits that, due to the symmetry of 

receptors, conformational changes in one receptor subunit will induce concerted changes 

in the remaining subunits (Miller, 2002; Changeux and Edelstein, 1998).   



109 

Using the substituted cysteine accessibility method with homomeric cysteine 

mutants, Lobo et al. recently found that the GlyR alcohol and anesthetic binding pocket 

undergoes a conformational change upon receptor gating to the open state (Lobo et al., 

2004a).  This suggests that alcohol or anesthetic occupancy of the binding pocket 

promotes the open state by favoring an enlarged pocket conformation.  Based on these 

studies and our current results, we propose that the binding of one alcohol or anesthetic 

molecule to the TM2/TM3 binding pocket of a single GlyR subunit can induce receptor-

wide conformational changes that lead to enhancement of channel gating. 
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4.0 Point mutations at two residues implicated in mediating alcohol and 

anesthetic enhancement alter glycine receptor function 

 

Portions of this chapter were published in an article in The Journal of Neuroscience on 

September 3, 2003 and are reprinted with permission.  © The Journal of Neuroscience, 

Society for Neuroscience. 

 

Findlay GS, Phelan R, Roberts MT, Homanics GE, Bergeson SE, Lopreato GF, Mihic SJ, 

Blednov YA, Harris RA (2003) Glycine receptor knock-in mice and hyperekplexia-like 

phenotypes: comparisons with the null mutant. J Neurosci 23: 8051-8059. 

 

 

4.1 Introduction 

 Alcohols and volatile anesthetics are thought to enhance the function of glycine 

receptors (GlyRs) via specific interactions with a binding pocket formed between the 

transmembrane (TM) domains of GlyR α subunits (Lobo and Harris, 2005; Hemmings, 

Jr. et al., 2005).  Two residues in particular have been implicated in lining this binding 

pocket and in mediating the enhancing effects of alcohols and anesthetics.  These 

residues, serine 267 (S267) and alanine 288 (A288), are located toward the extracellular 

end of the TM2 and TM3 domains, respectively (Mihic et al., 1997).   
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 The alanine residue at position 288 of the α1 GlyR was first implicated in 

mediating the enhancing effects of alcohols and volatile anesthetics by Mihic et al. in 

1997 (Mihic et al., 1997).  In that study, A288 was mutated to tryptophan (A288W), and 

when the mutant receptors were expressed in Xenopus oocytes, they were found to 

produce tonic currents that could be blocked by picrotoxin.  This suggested that the 

channels were spontaneously opening in the absence of agonist.  The spontaneous 

currents of A288W GlyRs were inhibited by ethanol and the volatile anesthetic enflurane, 

indicating that the alanine at position 288 may play an important role in mediating the 

enhancing effects of alcohols and anesthetics.  Studies on the GABA ρ1 receptor support 

this finding.  The GABA ρ1 receptor, which is inhibited by alcohols and anesthetics, 

contains in its wt sequence a tryptophan at position 328 (W328), a position in TM3 

homologous to A288 in the α1 GlyR (Mihic and Harris, 1996).  When W328 was 

mutated to alanine (W328A), the reverse mutation of A288W in the α1 GlyR, it was 

found that the alcohol cutoff of the W328A GABA ρ1 receptor was increased from 

seven-chain alcohols to nine-chain alcohols (Wick et al., 1998).  Since the alcohol cutoff 

is essentially a measure of the volume of the alcohol binding pocket, this data suggested 

that residue 328 of the GABA ρ1 receptor, and by homology residue 288 of the GlyR, 

lines the alcohol binding pocket.  A similar study on the GABAAR indicated that when 

the native alanine in TM3, homologous to A288 in the α1 GlyR, was mutated to 

tryptophan (A291W), the cutoff for the maximal volume a volatile anesthetic could have 
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and still enhance receptor currents was decreased (Jenkins et al., 2001).  Several lines of 

evidence therefore indicate that the A288 residue of the α1 GlyR and its homologous 

residues in the GABA ρ1 and GABAA receptors lines the alcohol and anesthetic binding 

pocket and plays a significant role in determining how alcohols and anesthetics modulate 

channel function. 

 The 1997 Mihic et al. study was also the first to implicate serine 267 as playing a 

major role in mediating alcohol and anesthetic enhancement of GlyR function (Mihic et 

al., 1997).  The authors found that mutation of S267 to isoleucine (S267I) eliminated 

receptor enhancement by ethanol, but not by the more potent drug enflurane.  Mutation of 

S267 to an even larger residue, tyrosine (S267Y), however, led to a block of 

enhancement by enflurane.  A subsequent study showed that by mutating S267 to 

glutamine (S267Q) the alcohol cutoff was decreased from the ten-chain alcohol cutoff 

observed in wt receptors to a three-chain alcohol cutoff (Wick et al., 1998).  An 

examination of the homologous serine in the GABAA receptor, S270, revealed that 

substitution of a tryptophan at this position (S270W) led to a decrease in the volume 

cutoff for receptor enhancement by volatile anesthetics (Jenkins et al., 2001).  The role 

played by S267 of the α1 GlyR and S270 of the GABAAR in the binding of alcohols and 

anesthetics was also supported by a covalent labeling study in which S267 and S270 of 

the GlyR and GABAAR, respectively, were mutated to cysteines (S267C and S270C) and 

the resulting receptors were perfused with the thiol labeling reagent propyl 

methanethiosulfonate (PMTS) (Mascia et al., 2000).  PMTS reacts with the sulfhydryl 
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group of cysteine residues, leaving behind a propyl group attached to the cysteine residue 

via a disulfide bond.  Mascia et al. found that the currents of both S267C α1 GlyRs and 

S270C GABAARs were significantly enhanced following PMTS labeling, a result 

suggesting that interaction of a small organic molecule with residue 267 or 270 is capable 

of replicating alcohol and anesthetic enhancement of receptor function.   

 Given the evidence suggesting that S267 and A288 of the α1 GlyR line the 

alcohol and anesthetic binding pocket and mediate the enhancing effects of these drugs, 

we wondered what role these two residues play in the normal functioning of the GlyR.  If 

alcohol and anesthetic interactions with S267 and A288 cause enhancement of receptor 

function, it seems logical that S267 and A288 might regulate or contribute to the 

conformational changes induced by agonist binding or underlying channel gating.  Using 

two-electrode voltage clamp of Xenopus oocytes and whole-cell and single-channel patch 

clamp recording of HEK 293 cells to assess receptor function, we tested the hypothesis 

that mutating the A288 and S267 residues of the α1 GlyR to W and Q, respectively, 

would significantly alter channel function in ways that would reveal the contributions of 

these residues to channel gating.  Our results indicate that both of these amino acid 

positions strongly influence channel gating and suggest that their proximity to the gating 

process may underlie the ability of drug binding to these residues to influence channel 

function. 
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4.2 Materials and methods 

 Isolation, cDNA injection, and two electrode voltage-clamp of Xenopus oocytes, 

as well as culture and cDNA transfections of HEK 293 cells, outside-out patch single-

channel recordings, preparation and composition of solutions, and analysis of data were 

conducted as described in Chapter 2 with the exception of the procedures described 

below. 

 Whole cell recordings of A288W and D97R GlyRs heterologously expressed in 

HEK 293 cells were made with borosilicate glass capillaries (Sutter Instrument) pulled to 

tip resistances of 1-4 MΩ.   Recording electrodes were filled with the same ICS and the 

recording chamber bath was perfused with the same ECS as used for outside-out patch 

recordings (Chapter 2.5).  The whole cell configuration was obtained by forming a 

gigaseal and then applying suction to burst the membrane patch and provide electrical 

access to the interior of the cell.  In order to perfuse strychnine and glycine solutions, 

cells were lifted off the coverslip and placed in the solution stream of the SF-77B rapid 

perfusion device, which was configured with a three-barrel perfusion outlet.   
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4.3 Results 

 

4.3.1 A288W and D97R point mutations produce α1 GlyRs that are spontaneously 

active 

 When an alanine to tryptophan point mutation at residue 288 (A288W) of the α1 

GlyR was expressed in Xenopus oocytes, it was found that the resulting receptors were 

insensitive to potentiation by ethanol and enflurane and that they produced spontaneous 

currents in the absence of agonist (Mihic et al., 1997).  We expressed the A288W mutant 

in HEK 293 cells and recorded whole-cell currents to determine whether the spontaneous 

activity observed in oocytes could be replicated in mammalian cells.  Cells expressing 

A288W α1 GlyRs exhibited a standing inward current that was significantly reduced by 

application of 10 µM strychnine (Figure 4.1B).  This reduction in holding current 

suggested that A288W GlyRs are spontaneously active in HEK cells.  Given this, we 

wondered whether the A288W mutation was simply forcing the channel into a 

permanently open state (only closeable by an antagonist) or if it was promoting 

spontaneous activation of the channel in which channels in the closed state could 

spontaneously open and then desensitize or close again.  To decide between these two 

possibilities, we applied 1 mM glycine to expressing cells both on its own and 

immediately following a 90 s strychnine application.  Both applications produced inward 

currents, but the glycine application following strychnine exposure produced a larger 

inward current.  This is consistent with the hypothesis that A288W GlyRs are 
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spontaneously cycling amongst closed, open, and desensitized states.  When glycine was 

applied alone, it activated a pool of receptors that was in the closed state at that moment.  

When strychnine was applied, it caused most or all of the open receptors to enter the 

closed state, and by preventing receptors from reopening, promoted a decrease in the pool 

of desensitized receptors by trapping resensitized receptors in the closed state.  Thus the 

glycine application following strychnine exposure was able to activate a larger pool of 

receptors, producing an increased inward current. 

 An aspartate to arginine mutation at position 97 (D97R) was also previously noted 

to yield spontaneously active receptors in oocytes (Beckstead et al., 2002).  We examined 

this mutant in HEK cells to determine whether it produced spontaneous currents similar 

to those of the A288W receptor.  This was indeed the case.  D97R GlyR expressing cells 

were found to have a standing inward current that was reduced by strychnine application 

(Figure 4.1D).  Applications of 1 mM glycine produced inward currents that were larger 

following strychnine exposure then when applied before strychnine or after the 

strychnine had been washed away.  The D97R mutation therefore appears to produce 

spontaneous activity very similar to that of the A288W mutation. 

 These results led us to wonder whether the spontaneous activity of the A288W 

and D97R mutations resembled glycine evoked activity of wt receptors or if the 

mutations were generating spontaneous currents through novel kinetic mechanisms.  To 

address this question, we recorded single-channel activity from outside-out patches 

pulled from HEK cells expressing wt α1 GlyRs in the presence of 10 µM glycine or 
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A288W or D97R α1 GlyRs in the presence of extracellular solution (ECS) alone.  

Representative single-channel tracings are shown in Figure 4.1A,C,E.  Based on visual 

inspection of single-channel tracings, it was immediately clear that the A288W GlyRs 

exhibited a dramatic change in channel open duration and burst duration relative to the wt 

GlyRs perfused with 10 µM glycine.  The D97R GlyR tracings, however, appeared 

similar to the wt tracings.   
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Figure 4.1.  Whole-cell and single channel recordings of GlyR currents obtained from HEK 
293 cells expressing wt, A288W, or D97R α1 GlyR.  (A) wt α1 GlyR in outside-out patches 
exhibited bursts of channel opening activity in response to 10 µM glycine.  (B) In the A288W 
mutant, a 10 s application of glycine to whole-cells produced a reversible inward current.  A 90 s 
application of 10 µM strychnine yielded a reduction in the standing inward current, i.e. an 
outward current.  The response to glycine was enhanced when applied 1 s after termination of the 
strychnine application.  (C) In the absence of glycine, the A288W α1 GlyR exhibited 
spontaneous single-channel activity in outside-out patches.  (D) The D97R α1 GlyR behaved like 
the A288W mutant in response to glycine and strychnine when expressed in HEK 293 cells 
except that it required a considerably higher concentration of strychnine (1 mM) to close the 
tonically open channels.  (E) Single channel tracings of D97R α1 GlyR spontaneous opening 
events in outside-out patches are shown. 
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4.3.2 Single-channel analysis of A288W α1 GlyR openings 

 Since the A288W mutation produced receptors with visibly altered single-channel 

activity compared to wt receptors, we decided to investigate the kinetic mechanisms 

underlying these changes.  Single-channel recordings were made from outside-out 

patches pulled from HEK cells expressing wt or A288W α1 GlyRs.  Patches containing 

wt receptors were continually perfused with 10 µM glycine while patches containing 

A288W receptors were perfused with ECS.  Unitary channel conductance was 

determined from the amplitude of channel openings and found to be ~100 pS for wt 

GlyRs and ~85 pS for A288W GlyRs (Figure 4.2A).  Channel openings were idealized 

using the Segmental-K Means hidden Markov algorithm of QuB.  The open durations 

were binned according to dwell time and, for both wt and A288W receptors, were well fit 

by the sum of three exponential functions (Table 4.1).  Since each exponential function 

represents the properties of a channel open state, this fitting of exponential functions 

indicates that both wt and A288W receptors possess three distinguishable open states that 

can be described as short-, medium-, and long-lived.  When compared to the wt GlyR, the 

A288W GlyR exhibited striking increases of greater than five-fold and nearly ten-fold for 

the mean durations of its medium- and long-lived open states, respectively (Figure 

4.2C).  It also had a 50% increase in the frequency of openings to the longest-lived open 

state (Figure 4.2D).  Together, these changes meant that the A288W GlyR had a 22-fold 

increase in mean open time over the wt GlyR (Figure 4.2B). 
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Figure 4.2.  Properties of wt and A288W α1 GlyR single-channel openings.  (A) 
Unitary conductance of wt GlyRs was 103 ± 4 pS while that of A288W GlyRs was 84 ± 
1.4 pS.  (B) A288W GlyR openings showed a 22-fold increase in mean open duration 
compared to that of wt GlyRs perfused with 10 µM glycine.  (C-D) wt and A288W GlyR 
open durations were well described by the sum of three exponential functions, each 
corresponding to a separate open state.  The mean durations of the open states (C) and the 
relative frequency of openings to each of the states (D) were altered by the A288W 
mutation.  
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Table 4.1.  Open Dwell Time analysis of wt GlyRs perfused with 10 µM glycine and 
A288W GlyRs perfused with ECS. 
 

        Mean open
 n τ1 a1 τ2 a2 τ3 a3 time 
 (events) (ms) (%) (ms) (%) (ms) (%) (ms) 

wt α1 GlyR 178,107 0.317 46.0 1.139 44.9 4.39 9.1 1.01 
   in 10 µM glycine  ±0.05 ±4.5 ±0.19 ±3.2 ±0.71 ±1.8 ±0.10 
         
A288W α1 GlyR 50,946 0.114 62.1 6.44 23.9 424 14.0 22.2 
   in ECS  ±0.01 ±7.8 ±3.1 ±3.6 ±267 ±7.7 ±11.4 

 
Data are the mean ± SEM of values determined from 4-5 patches. 
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4.3.3 Properties of wt and A288W GlyR bursts of openings 

 A single activation of an ion channel may result in bursts of one to many 

thousands of openings.  In bursts with more than one opening event, the openings are 

separated by dwells in relatively short-lived closed states.  A single-channel recording 

can be divided into bursts of channel openings by determining a critical time constant, 

τcrit, which represents the maximum duration a closed event can last and still be 

considered to fall within a burst.  In practice, a burst begins with an opening event and 

ends when there is a dwell in the closed state exceeding τcrit.  Since we can have high 

confidence that activity within bursts is the result of activity from one channel, analyzing 

the properties of bursts reveals information about how channels function over the course 

of an entire activation (Colquhoun and Sigworth, 1995). 

 Idealized recordings from wt and A288W α1 GlyR patches were divided into 

bursts of openings and the duration of each burst was determined.  Burst duration 

histograms were well fit by the sum of three exponential functions, indicating that both 

wt and A288W GlyRs exhibited three classes of bursts with short, medium, and long 

mean lifetimes.  The A288W mutation led to 3.5-fold and 45-fold increases in the mean 

durations of bursts to the medium- and long-lived burst classes, respectively (Figure 

4.3A).  At the same time, the point mutation decreased the prevalence of bursts to the 

longest-lived burst class (Figure 4.3B).  This effect was overshadowed, however, by the 

increase in burst durations, resulting in an overall increase in mean burst duration for 
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A288W GlyRs of nearly 10-fold over the mean burst duration for wt GlyRs (Figure 

4.3C; Table 4.2). 

 With the data divided into bursts, it was also possible to determine the overall 

proportion of time within bursts spent in the open state.  The A288W mutation had little 

effect on intraburst Popen, with the spontaneous activity of A288W receptors producing 

an intraburst Popen of 86 ± 11% while the 10 µM glycine-evoked activity of wt receptors 

yielded an intraburst Popen of 77 ± 1% (Figure 4.3D).   
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Figure 4.3.  Analysis of wt and A288W α1 GlyR burst durations and intraburst 
Popen.  (A, B) Burst duration histograms were well fit by the sum of three exponential 
functions, each representing a class of bursts.  The A288W mutation caused a marked 
increase in the duration of the medium- and long-lived burst classes (A) while decreasing 
the prevalence of bursts to the long-lived burst class (B).  (C) The overall mean burst 
duration was greatly increased by the A288W mutation.  (D) The spontaneous bursts of 
A288W GlyRs trended toward a slightly higher intraburst Popen compared to wt GlyRs in 
the presence of 10 µM glycine. 
 



125 

Table 4.2.  Burst duration analysis. 
 

       Mean burst 
 τ1 a1 τ2 a2 τ3 a3 duration 
 (ms) (%) (ms) (%) (ms) (%) (ms) 

wt α1 GlyR 0.275 46.4 4.04 40.8 36.9 12.8 6.44 
   in 10 µM glycine ±0.02 ±2.4 ±0.56 ±1.8 ±7.4 ±1.0 ±1.1 
        
A288W α1 GlyR 0.104 44.4 14.5 52.3 1648 3.3 62.0 
   in ECS ±0.01 ±6.0 ±1.1 ±5.1 ±900 ±1.0 ±34 

 
Data are the mean ± SEM of values determined from 4-5 patches. 
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4.3.4 The number of openings per burst for wt and A288W α1 GlyRs 

 With single-channel recordings of wt and A288W α1 GlyRs divided into bursts of 

activity, the number of openings within each burst was determined.  We then analyzed 

how the openings per burst values were distributed to determine whether the A288W 

mutation altered burst structure.  To accomplish this, openings per burst data was 

combined for all wt patches and for all A288W patches and then fit with the sum of 

geometric functions.  wt and A288W GlyR openings per burst data were well fit by the 

sum of three geometric functions, indicating that both receptors had burst classes with a 

small, medium, and large number of openings (Figure 4.4A-B).  Approximately two-

thirds of wt and A288W bursts contained a single opening, as indicated by the fit of the 

geometric function with the smallest mean (Table 4.3).  The A288W GlyR had about half 

as many openings per burst in the medium and large burst class components compared to 

the wt GlyR.  In addition, the frequency of A288W bursts to the large openings per burst 

class was decreased by half, with a concomitant increase in the frequency of bursts to the 

medium openings per burst class.  These change resulted in an overall mean openings per 

burst decrease of ~50% for A288W receptors relative to wt receptors (Figure 4.4C). 
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Figure 4.4.  Analysis of the number of openings per burst for wt and A288W α1 
GlyRs.  (A, B) Openings per burst histograms were fit with the sum of three geometric 
functions.  The mean values (A) and relative frequencies (B) for each component are 
shown.  (C) The A288W mutation decreased the mean openings per burst by ~50%. 
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Table 4.3.  Openings per burst. 
 

       Mean 
openings 

 k1 a1 k2 a2 k3 a3 per burst 
  (%)  (%)  (%)  

wt α1 GlyR 1.13 67.9 3.22 19.6 12.6 12.4 2.97 
   in 10 µM glycine ±0.02 ±0.2 ±0.03 ±0.2 ±0.03 ±0.3  
        
A288W α1 GlyR 1.08 66.0 1.66 27.3 5.84 6.7 1.56 
   in ECS ±0.09 ±0.6 ±0.05 ±1.5 ±0.03 ±0.2  

 
Data are the mean ± SEM of values determined from simultaneous fitting of data from 3-
5 patches.  Mean openings per burst values were calculated directly from the component 
values and are therefore presented without error values. 
 
 
 
 



129 

4.3.5 The S267Q point mutation causes a reduction in maximal GlyR currents in 

Xenopus oocytes 

 Serine 267, located in the TM2 domain of the α1 GlyR, has been shown to play 

an important role in mediating the enhancing effects of alcohols, volatile anesthetics, and 

inhalants (Mihic et al., 1997; Mascia et al., 2000; Beckstead et al., 2000).  Mutation of 

serine 267 to glutamine (S267Q) renders the GlyR insensitive to ethanol and to the 

inhalant trichloroethane (TCE) while not significantly altering sensitivity to glycine 

(Findlay et al., 2002; Beckstead et al., 2000).  We examined several aspects of S267Q α1 

GlyR function more closely to determine whether this point mutation has any additional 

effects on receptor function beyond its ability to prevent enhancement by ethanol and 

TCE.  The amount of current produced by application of a concentration of agonist 

eliciting a maximal effect (EC100) provides a combined measure of how many receptors 

are expressed on the cell surface and whether the receptors that are expressed function 

normally.  wt and S267Q α1 GlyR cDNAs were injected into Xenopus oocytes either 

alone or in combination with wt β GlyR subunit cDNAs.  Expressing oocytes were 

perfused with 10 mM glycine, a concentration producing maximal currents, and the 

resulting currents were recorded.  The presence of the S267Q mutation in both 

homomeric α1 and heteromeric α1β GlyRs resulted in a decrease in maximal currents 

(Figure 4.5).  This decrease suggests a deficiency either in receptor function or in the cell 

surface expression levels of the receptor or possibly in both.   
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Figure 4.5.  Maximal currents from oocytes injected with wt or S267Q α1 GlyR 
cDNAs individually or in combination with β-subunit cDNAs.  All oocytes were 
tested for expression with 200 µM glycine (15 sec) and, after an 8 min wash-out, 10 mM 
glycine (30 sec) to obtain the maximal currents.  Oocytes that did not express any glycine 
response were excluded from the analysis.  t tests revealed significant differences (wt vs 
S267Q homomeric receptors, p = 0.008, df = 54; wt:β vs S267Q:β heteromeric receptors, 
p = 0.0001, df = 58; n = 25-33 per group). 
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4.3.6 The S267Q mutation alters some properties of glycine concentration-response 

relationships 

 To help determine whether the reduction in maximal currents of GlyRs composed 

of or containing S267Q α1 subunits was due to a change in expression level or function, 

we examined the glycine concentration response relationships of receptors from oocytes 

injected with wt and S267Q α1 GlyR cDNAs alone or in combination with wt β subunits.  

Data from homomeric wt or S267Q α1 GlyRs showed that there was no significant 

difference between wt and mutant receptor concentration-response properties when the 

data was normalized to the maximal current (Figure 4.6A).  When the concentration-

response data was expressed in terms of absolute currents, however, a significant 

difference between the wt and S267Q GlyRs was apparent (Figure 4.6B).  When co-

expressed with the β subunit, a significant difference between the glycine concentration-

response properties of wt:β and S267Q:β heteromers was apparent whether the data was 

normalized to the maximal response or expressed in terms of absolute currents (Figure 

4.6C-D).  These results suggest that the S267Q mutation causes a functional deficiency in 

the affinity of the GlyR for glycine and/or the efficacy of glycine for producing channel 

gating once bound. 
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Figure 4.6.  Glycine concentration-response relationships of wt or S267Q α1 GlyR expressed in 
Xenopus oocytes.  (A) Electrophysiological responses of wt (filled circles) or S267Q (open circles) GlyR to 
varying concentrations of glycine (0.01-10 mM) were measured (n = 7-8 per point).  The responses are 
expressed as a percentage of the maximal response for each oocyte.  wt and S267Q concentration-response 
relationships were statistically indistinguishable using a two-way ANOVA followed by Tukey's multiple 
comparisons.  Glycine EC50 values were 0.2 ± 0.08 and 0.2 ± 0.04 µM, and Hill coefficients were 2.3 ± 0.5 
and 1.9 ± 0.3 for wt and S267Q GlyR, respectively.  (B) The data from A expressed as absolute currents.  A 
two-way ANOVA followed by Tukey's multiple comparisons reveal that the concentration-response curves 
for wt and S267Q are significantly different (p < 0.01, n = 7-8 per point).  Emax values were 24 ± 5 and 10 ± 
2 µA in wt and S267Q GlyR (p < 0.05 using a two-tailed t test, n = 7-8 per point).  EC50 or Hill values were 
the same as calculated in A using normalized data.  (C) Electrophysiological responses to glycine (0.01-10 
mM) of either heteromeric wt (filled triangles) or S267Q (open triangles) α1-subunit co-expressed with the 
β-subunit.  wt and mutant concentration-response relationships were statistically different as measured by a 
two-way ANOVA followed by Tukey's multiple comparisons (p < 0.05, n = 5-8 per point).  Glycine EC50 
values were 0.2 ± 0.04 and 1.0 ± 0.3 mM (p > 0.05), and Hill coefficients were 1.8 ± 0.4 and 1.1 ± 0.2 (p > 
0.05) for wt and α1(S267Q)β GlyR.  (D) The data from C are presented as the absolute currents.  A two-
way ANOVA followed by Tukey's multiple comparisons revealed that the concentration-response curves 
were significantly different (p < 0.01, n = 5-8 per point).  Emax values were 11 ± 2 and 4.7 ± 1 µA in WT 
and α1(S267Q)β GlyR (p < 0.05 using two-tailed t test, n = 5-8 per point).  EC50 or Hill values were the 
same as calculated in C using normalized data.  In all panels, EC50, Emax, and Hill values were calculated 
from concentration-response curves obtained from individual oocytes. 
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4.3.7 Recording of wt and S267Q α1 GlyR single-channel currents 

 The decrease in maximal currents and changes in glycine-concentration response 

properties caused by the S267Q mutation suggest that S267Q alters receptor function in a 

fundamental way.  In order to more precisely assess the nature of this deficiency in 

receptor function, HEK cells were transiently transfected with wt or S267Q α1 GlyR 

subunit cDNAs and single-channel recordings were made from outside-out patches pulled 

from expressing cells.  Recordings from wt GlyRs perfused with 10 µM glycine revealed 

single-channel openings that were to a stable current amplitude and were clearly grouped 

into bursts of openings followed by periods without channel activity (Figure 4.7A-B).  

Recordings from S267Q GlyRs perfused with 10 µM glycine showed rare, brief single-

channel openings that never appeared to reach a stable current amplitude and which did 

not exhibit a discernable burst structure (Figure 4.7C-D).  Since the earlier experiments 

in oocytes indicated a change in glycine concentration-response properties of S267Q 

receptors, we thought it was possible that this unusual single-channel activity might be 

correlated with low glycine concentrations and therefore return to wt-like activity at 

higher glycine concentrations.  Accordingly, recordings were made from S267C GlyR 

containing patches perfused with 1 mM glycine, a near maximal concentration (Figure 

4.7E-F).  Although the single-channel activity of S267Q GlyRs was much more frequent 

in the presence of high glycine, the single-channel openings themselves continued to 

appear clipped, as though the channels were not able to reach a full conductance level.  

These findings demonstrate that the S267Q mutation results in severe abnormalities in 
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GlyR function that are likely the result of a large decrease in the stability of the channel 

open state.  Unfortunately, the very brief nature of S267Q GlyR openings made analysis 

of S267Q single-channel data intractable. 
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Figure 4.7.  Single-channel tracings of glycine-activated currents from wt and S267Q α1 GlyRs.  
Outside-out patches pulled from transiently transfected HEK 293 cells were voltage clamped at -60 mV and 
perfused with 10 µM  (A-D) or 1 mM (E, F) glycine.  A portion of each of the tracings in the left-hand 
column (marked with a line above it) is expanded in the right-hand column to provide a detailed view of 
individual channel opening events.  In E, the first 1.5 sec and the final 1.5 sec of a 60 sec glycine 
application are shown with the preceding and following 0.5 sec of baseline (included to indicate the quality 
of the patch).  The downward- and upward-pointing arrows indicate the onset and offset, respectively, of 
the glycine application.  Perfusion artifacts were subtracted.  Whereas wild-type receptors exhibited bursts 
of openings to stable amplitude levels, S267Q receptors tended to open very briefly and exhibited little or 
no burst structure.  Each panel is from a single patch but is representative of multiple (n = 5) patches tested. 
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4.4 Discussion 

 Alanine 288 and serine 267 of the α1 GlyR have been implicated in forming part 

of the alcohol and anesthetic binding pocket and in mediating the enhancing effects of 

alcohols and anesthetics on GlyR function (Mihic et al., 1997; Mascia et al., 2000; 

Bertaccini et al., 2005).  Since drug interactions with A288 and S267 contribute to drug-

induced enhancement of channel function, we reasoned that these residues might also 

contribute to normal channel function in the absence of drugs.  Our analysis of point 

mutations at positions 288 and 267 suggests that changes at both residues strongly 

influence GlyR gating.  This finding is consistent with the hypothesis that residues at 

positions 288 and 267 are well situated to influence the conformational changes 

underlying channel gating and suggests that alcohols and anesthetics might act by 

interfering with the normal function of the gating machinery. 

 Expression of A288W α1 GlyRs in HEK cells confirmed the previous finding that 

the A288W point mutation causes tonic channel activation (Mihic et al., 1997).  Our 

single-channel recordings demonstrated that this tonic activity was due to spontaneous 

and discrete channel openings and was not the result of the channel being locked in an 

open state.  Kinetic analysis of channel openings revealed that the A288W GlyR had 

three distinguishable open states, as did the wt GlyR in the presence of 10 µM glycine.  

This number of open states is characteristic of the wt GlyR (Twyman and Macdonald, 

1991; Beato et al., 2002; Lewis et al., 2003).  Previous studies of wt GlyR single-channel 

kinetics suggest that these open states correlate with the number (one to three) of glycine 
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molecules bound to the receptor (Beato et al., 2004).  The finding that the A288W GlyR 

possesses three open states in the absence of agonist suggests that the mutation allows the 

receptor to essentially bypass the agonist binding machinery and behave as though one to 

three glycine molecules were already bound.  The A288W mutation caused dramatic 

increases in the mean durations of the medium- and long-lived of its three open states, 

resulting in a 22-fold increase in the channel mean open duration relative to the wt 

receptor in the presence of 10 µM glycine.  A previous report showed that even when the 

wt GlyR was perfused with 1 mM glycine, a concentration producing maximal effects, its 

mean open time was only 2.7 ms, still eight-fold smaller than the mean open time of the 

A288W GlyR (Beato et al., 2004). 

The large stabilization of the open state caused by the A288W mutation was 

reflected in the large increases in the mean durations of the medium- and long-lived of 

the three burst duration classes describing spontaneous A288W GlyR bursts of openings 

compared to the same burst classes describing wt GlyR bursts in the presence of 10 µM 

glycine.  The overall mean burst duration of A288W GlyRs was nearly 10-fold greater 

than that of the wt receptor.  Despite the large increases in the mean open time and mean 

burst duration for the A288W GlyR, the mutation led to an ~50% decrease in the mean 

openings per burst.  This was mostly due to decreases in the means of the medium and 

large openings per burst components for the A288W GlyR.  The wt GlyR perfused with 

10 µM glycine was therefore more likely to reopen after a closing event than was the 

mutant receptor.  All of these changes in the kinetic parameters underlying spontaneous 
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A288W GlyR function relative to wt GlyR function suggest that position 288 in TM3 

plays an important role in the regulation of channel gating.  Since the A288W mutation 

led to both spontaneous channel opening and a substantial increase in the stability of the 

medium- and long-lived open states, it seems likely that position 288 contributes to the 

conformational changes underlying both channel opening and channel closing.  It is also 

likely that position 288 influences channel desensitization, although further studies are 

needed to test this hypothesis.  To the best of our knowledge, this is the first single-

channel examination of spontaneous channel activity resulting from a point mutation.  

Therefore, we cannot be certain whether mutations inducing spontaneous activity tend to 

also cause stabilization of channel open states.  Our single-channel recordings of D97R 

GlyR spontaneous activity suggest that this is not the case, but kinetic analysis is required 

before this can be stated with any certainty. 

 The S267Q point mutation yielded receptors in Xenopus oocytes that had glycine 

concentration-response properties very close to the wt GlyR when the data was 

normalized to the maximal current obtained.  A closer look at the maximal currents 

produced by wt and S267Q GlyRs expressed homomerically or heteromerically with the 

β subunit indicated that the S267Q mutation led to a significant decrease in the currents 

elicited by maximal glycine concentrations.  When glycine concentration-response curves 

were expressed in terms of the absolute currents recorded, a significant difference 

between the wt and S267Q GlyRs was detected.  These results suggested that the S267Q 

mutation might cause a deficiency in cell surface expression levels or in channel function.  
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We used single-channel recording to examine S267Q GlyR function at a more detailed 

level.  The mutant channel activity in the presence of 10 µM glycine was strikingly 

abnormal when compared to wt GlyR data collected in the presence of 10 µM glycine.  

We perfused S267Q GlyRs with 1 mM glycine to test whether a higher agonist 

concentration might elicit more normal channel activity, but this did not turn out to be the 

case.  Instead, all of the S267Q single-channel data collected indicate that the mutation 

causes a gross decrease in the stability of the channel open state such that the receptor 

never appeared to reach a stable or full conductance level.  The effects of the S267Q 

mutation on channel function were nearly the opposite of the effects of the A288W 

mutation.  Whereas A288W promoted and stabilized opening events, S267Q appeared to 

strongly destabilize the open state.  This suggests that position 267 of the α1 GlyR plays 

a critical role in retaining the channel in the open state once it is already there.  Because 

detailed kinetic analysis was not possible due to the extremely brief, flickery nature of 

S267Q channel openings, we cannot ascertain whether position 267 had any influence on 

the transition from the closed to open state. 

 Although alcohols and volatile anesthetics clearly enhance the function of ligand-

gated ion channels, whole-animal behavioral evidence is needed before we can ascertain 

whether the enhancement of receptors on the molecular level actually contributes to 

intoxication and anesthesia.  A very powerful way to test this is to make knock-in mice in 

which the ability of a particular receptor to be enhanced by alcohols or anesthetics is 

eliminated via the introduction of a point mutation (Rudolph and Antkowiak, 2004).  For 
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such a knock-in animal to be truly informative, however, it is important that the point 

mutation to be knocked-in has little to no effect on channel function other than to alter the 

channel’s drug sensitivity.  Such an approach was successfully employed to define the 

actions of benzodiazepines on GABAARs (Rudolph and Mohler, 2004).   

Our data on the A288W and S267Q mutant GlyRs indicate that finding mutations 

that alter alcohol and anesthetic sensitivity without adversely affecting GlyR function 

may be a difficult task.  Previous efforts with the S267Q point mutation support this.  

When a mouse carrying a transgene encoding the S267Q α1 GlyR subunit was made, it 

showed decreased sensitivity to the behavioral effects of ethanol (Findlay et al., 2002).  

Yet when a knock-in mouse was prepared with the S267Q mutation, it died three weeks 

after birth, around the time in development that α1 subunit expression increases (Findlay 

et al., 2003).   For obvious reasons, this mouse could not be used to examine the 

importance of the GlyR in mediating the behavioral effects of alcohols and anesthetics.  

Had the deficiencies in S267Q α1 GlyR function presented here been uncovered earlier, 

it is likely that this knock-in mouse would not have been made and valuable resources 

could have been directed toward efforts to discover more promising mutants.  This 

experience underscores the importance of determining whether and how point mutations 

that alter alcohol and anesthetic sensitivity affect basic receptor function.  Since our 

findings indicate that the A288W mutation leads to highly abnormal receptor activity, it 

seems unlikely that this point mutation would be suitable for introduction into a knock-in 

mouse. 
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 Since the observed effects of the S267Q and A288W point mutations on GlyR 

function suggest that positions 267 and 288 are involved in the conformational 

rearrangements that occur as part of channel opening and closing, we hypothesize that 

these residues form part of the channel gating machinery and that alcohols and 

anesthetics are able to enhance GlyR function by directly interfering with this gating 

machinery in a way that prolongs channel openings or bursts of openings.  Recent 

evidence suggests that the side-chains of S267 and A288 may face one another across the 

alcohol and anesthetic binding pocket (Lobo et al., 2004b).  If this is indeed the case, then 

individual alcohol or anesthetic molecules are likely to interact with the S267 and A288 

side chains at the same time and in a way that promotes the types of changes in channel 

behavior we observed with A288W GlyRs while minimizing the changes we observed 

with S267Q GlyRs.  Further studies of additional mutations at these amino acid positions 

will be needed to test these hypotheses. 
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5.0 Single-channel analysis of halothane and isoflurane modulation of 

glycine receptor function 

 

 

5.1 Introduction 

 Volatile anesthetics are a hallmark of modern medicine, yet their molecular 

mechanisms of action are uncertain and continue to be the subject of much debate.  At the 

systems level, it is well understood that most of the effects of volatile anesthetics critical 

to the induction and maintenance of the anesthetized state are due to a general depression 

of central nervous system function (Evers and Crowder, 2001).  This depression is the 

result of volatile anesthetic modulation of synaptic transmission and neuronal excitability 

(Richards, 2002).  Ligand-gated ion channels (LGICs) are critical mediators of synaptic 

transmission and since their activity is strongly modulated by volatile anesthetics, 

members of this family are key targets for the study of the molecular underpinnings of 

anesthesia (Dilger, 2002).  The glycine receptor (GlyR), a member of the cys-loop family 

of LGICs, is a particularly attractive candidate for study as it appears to play a strong role 

in mediating the immobilizing effects of volatile anesthetics (Zhang et al., 2003).  

Numerous investigations in heterologous expression systems indicate that volatile 

anesthetics enhance the peak amplitude of macroscopic GlyR currents activated by low 

agonist concentrations (Hemmings, Jr. et al., 2005).  Structure-function investigations 

utilizing site-directed mutagenesis have provided evidence that this enhancement of GlyR 



143 

currents is the result of volatile anesthetics binding to a specific pocket formed between 

the transmembrane domains of each GlyR subunit (Mihic et al., 1997; Mascia et al., 

2000; Lobo et al., 2004a; Lobo et al., 2004b). 

 To date, several studies into the single channel kinetics underlying GlyR function 

have been conducted, but none have examined anesthetic modulation of GlyR function.  

In 1991, Twyman and Macdonald conducted the first thorough examination of GlyR 

kinetics by recording glycine-evoked single-channel activity from cultured mouse spinal 

cord neurons (Twyman and Macdonald, 1991).  These recordings of native α1β 

heteromeric receptors provided the first evidence that GlyRs have at least three open 

states.  Subsequent work on α1 homomeric GlyRs heterologously expressed in HEK 293 

cells confirmed this finding and led to the development of kinetic models describing a 

likely mechanism of GlyR activation by glycine (Beato et al., 2002; Beato et al., 2004).  

The most recent of these models demonstrates that receptor gating efficacy increases as 

the number of glycine molecules bound to the GlyR increases from one to three (Beato et 

al., 2004).  Interestingly, even though there are five glycine binding sites on homomeric 

α1 GlyRs, it appears that simultaneous binding of more than three glycine molecules 

either does not affect channel gating or does not occur to a measurable extent. 

 Given the lack of information about volatile anesthetics effects on GlyR kinetics, 

we can look to the GABAA receptor (GABAAR), a close relative of the GlyR that is also 

strongly enhanced by volatile anesthetics, for clues about how allosteric modulators may 

alter GlyR function.  The first major study of volatile anesthetic effects on GABAAR 
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macroscopic kinetics was conducted on native receptors in cultured rat hippocampal 

neurons (Jones and Harrison, 1993).  This study demonstrated that volatile anesthetics 

prolong the half-width of GABAergic inhibitory postsynaptic currents (IPSCs), a finding 

that is consistent with the hypothesis that volatile anesthetics prolong the duration of 

bursts of channel activity.  A more recent investigation of GABAAR mediated IPSCs in 

rat hippocampal brain slices confirmed that volatile anesthetics increase IPSC duration 

but also found that these drugs reduce IPSC amplitude (Banks and Pearce, 1999).  It was 

suggested that this reduction was due to anesthetic effects at a binding site separate from 

the site mediating the prolonging effects of anesthetics. 

 Studies of the effects of pentobarbital, neurosteroids, and ethanol on GABAAR 

single-channel kinetics provide an additional and more detailed precedent for 

understanding the molecular mechanisms by which allosteric modulators enhance LGIC 

activity.  Pentobarbital, a member of the barbiturate family of sedative-hypnotic drugs, 

enhances the function of GABAARs when present in low micromolar concentrations 

(Akaike et al., 1990).  Steinbach and Akk examined these effects in recombinant 

GABAARs expressed in HEK 293 cells and found that pentobarbital increased the 

duration and relative frequency of channel openings to the longest-lived of three open 

states (Steinbach and Akk, 2001).  Some neurosteroids and a combination of ethanol plus 

a neurosteroid have been shown to exert very similar effects on GABAAR open state 

properties (Akk et al., 2004; Akk and Steinbach, 2003).  These data suggest that positive 
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allosteric modulators of LGICs may enhance receptor function by increasing the stability 

of one or more of the channel open states. 

In order to more fully understand the molecular mechanisms by which volatile 

anesthetics enhance GlyR currents, we sought to investigate how these drugs affect the 

kinetics of GlyR function at the level of individual channels.  Specifically, we examined 

how the alkane anesthetic halothane and the ether anesthetic isoflurane modulate 

homomeric α1 GlyR single channel currents in outside-out patches pulled from HEK 293 

cells.  Our findings suggest for the first time that volatile anesthetics enhance GlyR 

currents by increasing the channel mean open time and mean burst duration.  These 

results indicate that volatile anesthetics induce many of the same effects on channel 

kinetics as other LGIC allosteric modulators and therefore provide strong evidence that 

volatile anesthetic enhancement of GlyR activity is due to specific interactions of these 

drugs with a GlyR domain capable of influencing channel gating. 
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5.2 Materials and methods 

 Culture of HEK 293 cells, cDNA transfections, outside-out patch single-channel 

recordings, preparation and composition of solutions, and analysis of single channel data 

were conducted as described in Chapter 2, sections 2.4 – 2.8. 
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5.3 Results 

 

5.3.1 Single-channel recording of wt α1 GlyR activity 

 Low-noise, steady-state recordings were made from outside-out patches pulled 

from HEK 293 cells transiently transfected with cDNAs encoding the wt α1 subunit of 

the human GlyR.  Patches were voltage-clamped at –60 mV, and openings from 

individual GlyRs were evident as inward currents.  These currents represented the flow of 

chloride ions from the intracellular side of the membrane patch outward through the pore 

of single receptors and into the bath.  All patches were locally and continually perfused 

with 3 µM glycine or 3 µM glycine plus 2 MAC halothane or 2 MAC isoflurane by 

means of a rapid perfusion device.  A 3 µM glycine concentration was utilized in order to 

minimize the occurrence of simultaneous channel activations (i.e. double- or triple-

openings) while providing a level of channel activity sufficient for kinetic analysis.  

Additionally, this glycine concentration represented a low EC level (Beato et al., 2002) at 

which the effects of volatile anesthetics were robust (data not shown).  Representative 

tracings of single-channel recordings from patches perfused with 3 µM glycine or 3 µM 

glycine + 2 MAC halothane or 2 MAC isoflurane are shown in Figure 5.1.   
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Figure 5.1.  Tracings of wt α1 GlyR single-channel activity in the absence and 
presence of volatile anesthetics.  Patches were voltage-clamped at –60 mV and 
continually perfused with 3 µM glycine (left), 3 µM glycine + 2 MAC halothane (center), 
or 3 µM glycine + 2 MAC isoflurane (right).  Data were sampled at 50 kHz after passing 
through a 10 kHz analog lowpass filter.  The tracings shown were also digitally filtered at 
3 kHz to improve visualization.   
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5.3.2 Halothane and isoflurane do not alter GlyR unitary conductance 

 The amplitudes of single-channel events were determined by binning the current 

amplitudes of sections of data containing channel openings.  The resulting histograms 

were well fit by the sum of two Gaussian functions, one describing data points at the 

baseline current level (~0 pA after correction for baseline DC offset) and one describing 

data points at the open channel current level.  The absolute difference between the peaks 

of the two Gaussians represented the current flowing through a single channel at –60 mV.  

Since the internal and external solutions used for these experiments provided symmetrical 

chloride concentrations, the chloride reversal potential was at 0 mV (uncorrected for a 

small junction potential < 5 mV).  For each patch, the chord conductance was calculated 

based on Ohm’s law.  The mean chord conductance for all treatments was 90-97 pS and 

did not significantly differ between patches treated with glycine or glycine plus halothane 

or isoflurane (One-Way ANOVA).  Accordingly, the volatile anesthetics examined in this 

study do not appear to alter single-channel conductance. 
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Figure 5.2.  Halothane and isoflurane do not alter GlyR unitary conductance.  (A) 
Current amplitude histograms of single bursts of channel activity taken from patches 
perfused with 3 µM glycine (left), 3 µM glycine + 2 MAC halothane (center), or 3 µM 
glycine + 2 MAC isoflurane (right).  Each histogram was fit with two Gaussian functions, 
with the function describing the open channel current amplitude colored red and the 
function describing the baseline or closed channel current amplitude colored blue.  (B) 
Mean conductance of channel openings from patches treated with 3 µM glycine or 3 µM 
glycine plus 2 MAC halothane or 2 MAC isoflurane.  Numerous openings from several 
patches for each treatment were binned together and fit with two Gaussian functions as 
shown in A.  The difference between the means of the two functions was used to calculate 
unitary conductance and conductance values from each patch were averaged together.  
According to One-Way ANOVA, there was no significant difference between the mean 
conductances for each treatment.  Data are mean ± SEM of GlyR conductance from n = 4 
(glycine), 6 (glycine + halothane), and 4 (glycine + isoflurane) patches. 
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5.3.3 Analysis of channel open dwell times  

 Single channel recordings were idealized using the Segmental-K Means hidden 

Markov algorithm of QuB.  The open dwell times from each patch were then binned 

according to duration and the resulting histograms were fit with exponential functions 

using a Maximum Interval Likelihood fitting algorithm.  Data from patches treated with 

glycine or glycine plus halothane or isoflurane were well fit by the sum of three 

exponentials (Figure 5.3A).  Thus, GlyR openings were described by dwells in short-

lived (~0.1-0.3 ms), medium-lived (~1-2 ms), and long-lived (~3-10 ms) states (Table 

5.1).  Halothane and isoflurane increased the time constants for all three open states, 

doubling or nearly doubling the duration of the medium- and long-lived states, while 

having little effect on the prevalence of transitions to each of the open states (Figure 

5.3B,C).  This result suggests that halothane and isoflurane may act by stabilizing 

receptors in the open state, without greatly influencing the probability of opening to any 

particular state.  The overall effect of these changes on channel opening is clearly 

reflected in the large increase caused by halothane and isoflurane in the channel mean 

open time (Figure 5.3D).   
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Figure 5.3.  Analysis of channel open dwell times.  (A) Channel open dwell time histograms representing 
the normalized frequency of openings binned according to dwell time were fit with the sum of three 
exponential functions.  Each histogram represents openings from one patch treated with 3 µM glycine 
(left), 3 µM glycine + 2 MAC halothane (center), or 3µM glycine + 2 MAC isoflurane (right).  Individual 
exponential components are plotted as dark grey lines while the sum of the components is plotted as a red 
line.  Note that the ordinates are on a log 10 scale and the abscissa are on a square root scale in order to 
more clearly show the distribution of openings over a broad (~1000-fold) range of dwell times.  (B) Mean 
time constants for the short-, medium-, and long-lived open states are shown grouped by patch treatment.  
(C) Mean amplitudes, which represent the relative contribution each exponential component made in 
describing the data set, are shown grouped by patch treatment.  Amplitudes are arranged to correspond with 
the time constants in B.  (D) The average of the mean open times for patches treated with glycine or glycine 
plus halothane or isoflurane.  Data are the mean of 3-5 patches ± SEM. 
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Table 5.1. Open Dwell Time analysis of glycine receptors perfused with 3 µM 
glycine or 3 µM glycine + 2 MAC halothane or 2 MAC isoflurane. 
 

        Mean open 
 n τ1 a1 τ2 a2 τ3 a3 time 
 (events) (ms) (%) (ms) (%) (ms) (%) (ms) 

3 µM glycine 54,013 0.160 25.9 0.873 62.2 3.79 11.9 0.996 
  ±0.06 ±8.1 ±0.21 ±6.1 ±0.68 ±1.9 ±0.11 
         
+ 2 MAC  178,479 0.215 38.7 1.46 46.3 7.82 15.0 1.87 
halothane  ±0.03 ±4.7 ±0.15 ±1.9 ±1.19 ±2.9 ±0.18 
         
+ 2 MAC  42,278 0.270 32.6 2.10 54.5 10.1 12.8 2.39 
isoflurane  ±0.09 ±6.7 ±0.45 ±4.0 ±1.89 ±4.1 ±0.36 

 
Data are the mean of values from 3-5 patches and are shown ± SEM. 
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5.3.4 Analysis of the durations of bursts of channel openings 

 A burst is defined as an opening or group of openings resulting from a single 

activation of one ion channel.  When dealing with recordings from patches containing 

multiple channels, dividing the data into bursts of openings allows one to have high 

confidence that the activity under examination is derived from one channel at a time.  In 

practice, a single channel record is divided into bursts of openings by determining a value 

for a critical time constant (τcrit) that represents the duration that a closed state must last 

before it may be considered to represent the end of a burst.  τcrit is chosen so that equal 

proportions of intra- and interburst closed intervals are misclassified as terminating or 

belonging within bursts, respectively (Colquhoun and Sakmann, 1985).  In order to 

ensure consistent analysis of bursts across all treatments, a τcrit of 10 ms was selected 

based on an examination of calculated τcrit values derived from closed dwell histograms 

across all patches in all treatments (Figure 5.4).   
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Figure 5.4.  Determination of τcrit from closed dwell time histograms.  Closed dwell 
time histograms from patches perfused with 3 µM glycine (left), 3 µM glycine + 2 MAC 
halothane (center), and 3 µM glycine + 2 MAC isoflurane (right) were fit with the sum of 
four exponential functions.  Individual exponential components are plotted in dark grey 
while the sum of the exponentials is plotted in red.  A vertical blue line at 10 ms indicates 
where the τcrit value divides the closed dwell times into two groups.  Dwell times shorter 
than τcrit are considered to have occurred within bursts, while those longer than τcrit 
represent the termination of bursts. 
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 After dividing the data into bursts of openings, we examined how the durations of 

bursts were affected by halothane and isoflurane.  As with the analysis of open dwell 

times above, burst durations were binned and the resulting histograms were fit with the 

sum of exponential functions.  For all treatments, it was found that burst durations were 

best fit by the sum of three exponential functions (Figure 5.5).  Accordingly, GlyRs 

under these conditions appear to have activations that can be classified as short-lived 

(~0.5-0.8 ms), medium-lived (~5-8 ms), and long-lived (~50-100 ms).  Interestingly, 

halothane increased the mean durations of the three burst classes by 50-100% while 

isoflurane had little effect (0-30% increases; Table 5.2).  In contrast, both halothane and 

isoflurane strongly affected the distribution of bursts among the three burst classes by 

almost halving the percentage of openings to the short-lived burst class, increasing by 

half the percentage of openings to the medium-lived burst class, and more than tripling 

the percentage of openings to the long-lived burst class.  The net effect of these changes 

on burst duration is reflected in the three- to four-fold increases in mean burst duration 

caused by halothane and isoflurane (Figure 5.5C).   

 With the data divided into bursts of openings, it was also possible to determine 

the open probability (Popen) within each burst.  The results indicate that halothane did not 

alter intraburst Popen, yet isoflurane increased Popen by more than a quarter, raising it from 

60% to 77% (Figure 5.5B).  Thus, halothane had an effect on the mean durations of the 

three burst classes that isoflurane lacked while isoflurane had an effect on the intraburst 

Popen that halothane lacked. 
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Figure 5.5.  Burst duration analysis.  (A) Burst durations from individual patches perfused with 3 µM 
glycine (left), 3 µM glycine + 2 MAC halothane, (center), or 3 µM glycine plus isoflurane (right) were 
binned and fit with the sum of three exponential functions.  Each function is plotted in dark grey, and the 
sum of the exponential functions is plotted in red.  (B) The channel open probability within bursts was 
60.3% ± 4.5, 62.9% ± 7.1, and 77.4% ± 5.2 for patches treated with glycine, glycine + halothane, and 
glycine + isoflurane, respectively.  (C) Mean burst durations were increased by halothane and isoflurane.  
(D, E) The means of the three burst duration time constants (D) and the relative prevalence of each burst 
component (E) are shown from each treatment group.  Note that halothane increased the mean durations of 
each component, and both halothane and isoflurane increased the prevalence of bursts to the medium- and 
long-lived burst classes.  Data are the mean ± SEM of 3-5 patches. 
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Table 5.2. Burst duration analysis. 

 

       Mean burst 
 τ1 a1 τ2 a2 τ3 a3 duration 
 (ms) (%) (ms) (%) (ms) (%) (ms) 

3 µM glycine 0.466 59.4 5.37 36.2 51.2 4.5 4.43 
 ±0.07 ±3.2 ±0.64 ±2.6 ±5.3 ±0.8 ±0.12 
        
+ 2 MAC  0.863 30.2 8.04 55.5 106 14.1 19.3 
halothane ±0.28 ±5.3 ±1.19 ±8.1 ±6.21 ±2.9 ±3.0 
        
+ 2 MAC  0.515 33.1 5.35 51.3 66.6 15.6 13.4 
isoflurane ±0.10 ±8.3 ±0.65 ±5.0 ±10 ±3.5 ±3.6 

 
Data are the mean of values from 3-5 patches and are shown ± SEM. 
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5.3.5 Analysis of the number of channel openings per burst 

 The number of channel openings within a burst is an indication of the ability of 

channels to enter a closed state and then reopen as opposed to deactivating or 

desensitizing.  Counts of the number of channel openings per burst were aggregated for 

all patches within each treatment and were then binned to form openings per burst 

histograms.  Since the number of channel openings per burst must be an integer, the 

openings per burst histograms are discrete distributions.  Accordingly, geometric 

distributions, which are analogous to the exponential distributions used to fit the open 

dwell time and burst duration histograms above, were used to fit these histograms.  For 

all three treatments, the openings per burst data were well described by the sum of three 

geometric functions.  The small component represents bursts with a single opening, the 

medium component represents bursts with a mean of 2-4 openings, and the large 

component represents bursts with a mean of 6-17 openings.  Halothane and isoflurane 

increased the means of the medium and the large components by ~60-130% and ~100-

170%, respectively (Figure 5.6A; Table 5.3).  While halothane increased the occurrence 

of bursts with one opening by ~30%, isoflurane increased the occurrence of bursts in the 

large component by ~60% (Figure 5.6B).  Overall, halothane and isoflurane induced a 

near doubling of the mean number of openings per burst (Figure 5.6C). 
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Figure 5.6.  The number of channel openings per burst.  (A, B) Openings per burst 
histograms for patches treated with 3 µM glycine, 3 µM glycine + 2 MAC halothane, or 3 
µM glycine + 2 MAC isoflurane were fit with the sum of three geometric functions to 
determine (A) the mean number of openings per burst for each of three burst classes and 
(B) the relative prevalence of bursts within each of these classes.  Data are the result of 
direct fits of geometric functions to all burst opening data within each treatment and are 
therefore shown as fit value ± SEM calculated from the fit.  (C) Mean number of 
openings per burst for patches treated with glycine or glycine plus halothane or 
isoflurane.  These values were directly calculated from the data in A and B and are 
therefore expressed without error bars. 
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Table 5.3. Openings per burst. 
 

       Mean openings
 k1 a1 k2 a2 k3 a3 per burst 
  (%)  (%)  (%)  

3 µM glycine 1.05 51.0 1.66 38.2 6.38 10.8 1.86 
 ±0.52 ±5.3 ±0.08 ±2.8 ±0.05 ±0.4  
        
+ 2 MAC  1.44 67.0 3.77 22.7 17.5 10.3 3.62 
halothane ±0.05 ±0.9 ±0.07 ±0.9 ±0.09 ±0.7  
        
+ 2 MAC  1.24 55.0 2.63 27.6 12.6 17.4 3.60 
isoflurane ±0.12 ±2.6 ±0.15 ±2.6 ±0.11 ±1.3  

 
Data are the mean ± SEM of values determined from simultaneous fitting of data from 3-
5 patches.  Mean openings per burst values were calculated directly from the component 
values and are therefore presented without error values. 
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5.4 Discussion 

 In examining the molecular mechanisms of volatile anesthetic action, we are 

faced with the problem of trying to understand how small organic compounds with very 

low binding affinities (in the range of hundreds of micromolar) can induce large changes 

in protein function.  Single-channel studies provide a powerful way to peer into the inner 

workings of ion channels by giving us direct access to a rapid and accurate measure of 

protein conformational changes over time.  By examining the kinetics of GlyR activity in 

the presence of glycine plus halothane or isoflurane and comparing these kinetics to those 

observed in the presence of glycine alone, we were able to determine that halothane and 

isoflurane enhance GlyR function by increasing channel mean open duration, mean burst 

duration, and the mean number of channel openings per burst.  These results suggest that 

volatile anesthetics act on GlyRs by stabilizing both the channel open state and the 

channel activated state, i.e. the closed state from which the channel is likely to reopen. 

 The kinetics of GlyR activation by glycine have received considerable attention in 

recent years, and our data in this regard are consistent with previous observations.  We 

found that GlyR openings can be described by three open states with time constants and 

relative amplitudes similar to those found by others (Twyman and Macdonald, 1991; 

Beato et al., 2002; Beato et al., 2004).  According to the most recent model of α1 

homomeric GlyR function, these three open states, short-, medium-, and long-lived, 

represent the receptor when singly, doubly, and triply liganded with glycine, respectively 

(Beato et al., 2004).  Openings were to a main conductance level of 90 pS, while previous 
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studies have noted conductances ranging from 60-100 pS (Beato et al., 2002; Lewis et al., 

2003).  Although openings to a subconductance state were occasionally apparent (data 

not shown), we decided to treat these openings as full conductance openings for the 

purposes of kinetic analysis.  This is in line with other single-channel studies of 

homomeric GlyRs and, due to the relative rarity of subconductance openings, should 

have little to no effect on the overall values of the parameters measured in this study.   

The durations of bursts of channel openings were well fit with the sum of three 

exponential functions, indicating that there are at least three classes of bursts of channel 

activity.  Others have reported four classes of burst durations, but since the shortest of 

these was less than 100 µs in duration it would not have been detected in our study given 

the Tdead of 120 µs we imposed (Beato et al., 2002; Lewis et al., 2003).  The three burst 

durations we did detect, however, are similar to those reported previously that have 

durations greater than Tdead.  We also found that the number of openings per burst was 

well described by the sum of three geometric functions.  This is consistent with previous 

findings for the GlyR (Beato et al., 2002), and with theory, which holds that the number 

of functions needed to describe the openings per burst distribution should be equal to the 

number of open states (Colquhoun and Hawkes, 1982).  Thus, the single-channel kinetics 

of GlyR activation by 3 µM glycine determined from this study are consistent with 

several previous studies and therefore provide a solid foundation upon which to examine 

the modulatory effects of volatile anesthetics. 
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 Halothane and isoflurane produced large changes of several GlyR single channel 

kinetic parameters.  Channel mean open time was nearly doubled by halothane and more 

than doubled by isoflurane.  These effects were mostly due to drug-induced increases in 

the time constants for the medium- and long-lived open states.  Increases in open state 

durations indicate a decrease in the rate of exit from those open states and therefore a 

stabilization of the open state.  That halothane and isoflurane stabilized the medium-lived 

and long-lived open states is similar to the finding by Akk, Steinbach, and their 

colleagues that pentobarbital, some neurosteroids, and a combination of a neurosteroid 

and ethanol enhance GABAAR function by stabilizing the longest-lived of three channel 

open states (Steinbach and Akk, 2001; Akk and Steinbach, 2003; Akk et al., 2004).    

Halothane and isoflurane increased mean burst duration by two- to three-fold.  

Interestingly, these two drugs appear to have induced a similar overall effect through 

somewhat different mechanisms.  Halothane increased mean burst duration by increasing 

the time constants describing each of the burst duration classes by ~50-100% and by 

redistributing the prevalence of bursts in each of the classes so that the frequency of 

bursts to the shortest burst class was decreased while the frequency of bursts to the 

medium- and long-lived burst classes were increased by 50% and 200%, respectively.  In 

contrast, isoflurane had little effect on the burst duration time constants, the only 

significant change it induced being a 30% increase in the time constant for the longest-

lived burst class.  However, it affected the distribution of bursts between the burst classes 

in a manner similar to halothane, causing a decrease in bursts to the shortest-lived burst 
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class while increasing prevalence of bursts to the medium- and long-lived burst classes 

by 40% and 250%, respectively.  Beato et al. have shown that GlyR burst duration is 

influenced by the number of agonist molecules bound to the receptor, i.e. as the number 

of glycine molecules bound increases from one to three, bursts transition from having 

short openings adjacent to long closed states to long openings adjacent to brief closed 

states (Beato et al., 2002).  They also found that burst duration time constants did not 

detectably change with increasing glycine concentrations, but that as glycine 

concentration increased, the relative frequency of bursts shifted to favor the longer-lived 

burst classes.  Based on this, halothane and isoflurane affected burst durations in a 

manner similar to what would be expected from an increase in glycine concentration 

except that halothane, and to a lesser extent isoflurane, appear to also have had a separate 

effect on the time constants of the burst duration components.  A possible explanation for 

this is that halothane and isoflurane may increase receptor affinity for glycine, thereby 

increasing the number of glycine molecules bound to the receptor and the relative 

frequency of longer bursts, while also increasing the efficacy of glycine, thereby 

increasing the mean open time within bursts. 

 The mean number of openings per burst was nearly doubled by halothane and 

isoflurane.  This enhancement was mostly attributable to increases in the means of the 

medium and large components of the openings per burst distributions.  As the 

components required to describe the openings per burst distribution are closely tied to the 

channel open states, this finding is consistent with the observed increases in the time 
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constants of the medium- and long-lived open states described above (Colquhoun and 

Hawkes, 1982).  In the presence and absence of volatile anesthetics, the shortest of the 

three openings per burst components can be interpreted as representing bursts with only 

one opening.  Despite increasing the mean openings per burst, halothane actually 

increased the proportion of bursts having only one opening and decreased the prevalence 

of bursts with a medium number of openings.  In contrast, the main effect of isoflurane 

on the prevalence of the openings per burst components was to increase the proportion of 

bursts having a large number of openings.  When the means and areas of each openings 

per burst component are considered together, however, it becomes clear that the most 

important overall effect of halothane and isoflurane was on the largest of the openings 

components and that most of the increase in mean openings per burst can be attributed to 

this change. 

 Unitary conductance was not affected by halothane and isoflurane.  Although 

there was a slight trend for an increase in conductance in the presence of halothane and 

isoflurane, this can be attributed to the fact that longer openings provide a more accurate 

measure of the amplitude of channel currents than short openings.  Since halothane and 

isoflurane increased the mean open time, the trend toward an increase in conductance 

probably reflects nothing more than the improved resolution of the full conductance 

current amplitude.  Furthermore, the conductance range under all treatments (~90-97 pS) 

fits with previous observations of GlyR conductance in the absence of volatile anesthetics 
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(Lewis et al., 2003).  With the exception of one report (Swanson et al., 1997), previous 

studies have never found channel unitary conductance to be a drug dependent property. 

 Our findings are consistent with the hypothesis that volatile anesthetics modulate 

protein function through direct interactions with specific protein sites and not through 

non-specific disruptions of the plasma membrane.  This support can be summarized in 

two major points.  First, the effects of halothane and isoflurane on GlyR single-channel 

kinetics share many similarities with the observed effects of other, non-anesthetic 

allosteric modulators on the closely-related GABAAR.  Several previous studies have 

demonstrated that allosteric modulators of the GABAAR, such as neurosteroids and 

pentobarbital, enhance channel function by increasing the mean duration of channel 

openings (Twyman and Macdonald, 1992; Steinbach and Akk, 2001; Akk et al., 2004).  

Similarly, we found that halothane and isoflurane enhanced GlyR function by increasing 

the channel mean open time.  Several other similarities were noted above.  If allosteric 

modulators known to have specific binding sites on the GABAAR modulate GABAAR 

function through mechanisms nearly identical to those we observed for volatile anesthetic 

enhancement of GlyR function, it seems logical to conclude that halothane and isoflurane 

also interact with specific binding sites on the GlyR and are therefore allosteric 

modulators of the GlyR.   

Second, although the overall effects of halothane and isoflurane on GlyR single-

channel kinetics were very similar, we observed several distinct differences in how these 

two compounds modified the individual components describing the burst duration and 
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openings per burst distributions underlying GlyR function.  Since halothane is an alkane 

anesthetic and isoflurane is an ether anesthetic, it is logical that the chemical differences 

between these two compounds could cause them to interact somewhat differently with the 

amino acid residues lining a specific protein binding pocket.  Such differences in the 

chemistry of drug-protein interactions could lead to the differences we observed in how 

these two drugs modulated GlyR function.  If, on the other hand, halothane and isoflurane 

were acting by changing lipid bilayer properties, one would not expect differences in the 

quality of receptor enhancement since any differences in drug chemistry would 

effectively be filtered through the lipid bilayer and would only be detected by the 

receptor as alterations in membrane fluidity.  Thus, the specific differences we observed 

between the effects of halothane and isoflurane on GlyR kinetics suggest that these drugs 

were interacting with specific amino acid residues lining an anesthetic binding pocket 

within the GlyR.  This finding supports earlier studies that have pointed to important 

roles for specific residues within the GlyR transmembrane domains in mediating 

enhancement by volatile anesthetics (Mihic et al., 1997; Mascia et al., 2000; Lobo et al., 

2004a). 

 To the best of our knowledge, the present study provides the first single-channel 

kinetic analysis of volatile anesthetic enhancement of a ligand-gated ion channel.  Further 

studies will be required in order to determine if the effects of halothane and isoflurane on 

receptor kinetics are representative of those of other volatile anesthetics and if GABAAR 

kinetics are modulated by volatile anesthetics in a similar manner to the GlyR.  In 
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addition, it will be important to expand upon the present findings in order to develop an 

accurate kinetic model of volatile anesthetic modulation of LGIC function.  Such a model 

should be very useful for computational examinations of how volatile anesthetics alter 

synaptic physiology and neuronal excitability and for structural modeling studies of how 

volatile anesthetics produce conformational changes within LGICs. 
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6.0 Conclusions and Discussion 

 

Overview 

Alcohols and volatile anesthetics enhance glycine receptor function.  Although we 

have made significant advances in our understanding of this enhancement in recent years, 

the molecular mechanisms underlying alcohol and anesthetic modulation of the GlyR 

have remained ambiguous and controversial.  The studies presented in this dissertation 

provide novel insight into these mechanisms.  The overall findings of these studies can be 

summarized by three main points.  First, occupancy of a single alcohol and anesthetic 

binding pocket in a GlyR pentamer is sufficient to enhance the function of the entire 

receptor.  Second, point mutations at two residues located within the alcohol and 

anesthetic binding pocket demonstrate that these residues strongly influence the channel 

gate.  Third, volatile anesthetics enhance GlyR function through stabilization of the 

channel open state.  These results have several implications for the molecular 

mechanisms of alcohol and volatile anesthetic action and the molecular mechanisms of 

Cys-loop ligand gated ion channel function. 

 

Protein sites of alcohol and volatile anesthetic action 

 Despite an abundance of recent data indicating that alcohols and volatile 

anesthetics exert their physiological effects through specific interactions with protein 

targets (Hemmings, Jr. et al., 2005), support for this hypothesis has not yet succeeded in 
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fully disproving the lipid theory of anesthetic action first proposed by Meyer and Overton 

over a century ago (Meyer, 1899; Overton, 1901).  Ultimate proof of the protein sites of 

action hypothesis is likely to require the solution of the crystal structure of one or more 

target proteins with alcohol or anesthetic molecules bound.  Due to the many technical 

difficulties associated with crystallizing LGICs, it is unlikely that such a crystal structure 

will be obtained for some time.  The data in this dissertation, however, provide strong and 

novel support for the protein sites of action theory.   

One of the arguments against this theory has been that in order to alter protein 

function, alcohols and anesthetics must be present in concentrations that are often more 

than one thousand-fold greater than those required for conventional drugs.  This has led 

many to suspect that alcohols and anesthetics act through a non-specific mechanism.  If 

one is to suppose that alcohols and anesthetics act on specific protein sites, then it is clear 

that they must do so with very low affinity.  The protein sites of action theory must 

therefore explain how the binding of these drugs to proteins could provide sufficient 

energy to alter receptor function.  The demonstration in Chapter 3 that covalent labeling 

of one binding pocket per receptor pentamer was sufficient to enhance receptor function 

suggests that the GlyR channel gate is very sensitive to the presence of additional volume 

near residue 267.  This idea was further supported by evidence in Chapter 4 that point 

mutations at residues 267 and 288 dramatically alter receptor gating.  Since residues at 

these positions have previously been implicated in forming part of the alcohol and 

anesthetic binding pocket (Mihic et al., 1997; Mascia et al., 2000), these results imply 
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that the binding pocket is so closely tied to the channel gate that even low affinity drug 

binding events can alter the receptor energy landscape enough to modify GlyR function.   

These results also suggest that the existence of multiple binding pockets (up to 

five) in a single GlyR makes it more likely that the receptor will be enhanced in the 

presence of alcohols or anesthetics.  If we consider that the homomeric α1 GlyR 

possesses five binding pockets and that only one of these binding pockets need be 

occupied at any given moment in order for receptor function to be enhanced, then it 

follows that any given binding pocket must only be occupied an average of 1/5th of the 

time to achieve receptor enhancement.  Thus, multiple binding pockets might partially 

counteract the low affinity of alcohol and anesthetic binding by providing more 

opportunities for productive receptor-drug interactions. 

The lipid theory holds that alcohols and anesthetics cause widespread changes in 

the properties of the lipid bilayer (Eckenhoff, 2001).  Such changes in bilayer properties 

should effectively change the bulk lipid environment around the entire membrane-

spanning region of transmembrane proteins.  According to this, it would seem likely that 

receptor function could only be altered by forces affecting all five subunits in the GlyR 

simultaneously.  Although certainly not definitive proof against the lipid theory, the 

minimal binding pocket occupancy data presented in Chapter 3 are not consistent with 

this concept.  

The examination presented in Chapter 5 of the single channel kinetic changes 

underlying GlyR enhancement by volatile anesthetics also argues against the lipid theory.  
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These data demonstrated that halothane and isoflurane increase the GlyR channel mean 

open time by increasing the stability of the medium-lived and especially the long-lived 

channel open states.  This mechanism of enhancement is remarkably similar to the 

mechanisms underlying GABAAR enhancement by barbiturates and neurosteroids 

(Macdonald et al., 1989; Twyman and Macdonald, 1992; Steinbach and Akk, 2001; Akk 

and Steinbach, 2003; Akk et al., 2004).  What is the probability that anesthetic 

disruptions of the lipid bilayer could alter GlyR function in a manner that so closely 

resembles the known effects that confirmed allosteric modulators have on the GABAAR?  

Since kinetic mechanisms essentially measure the rate of receptor conformational 

changes, the similarities between the barbiturate, neurosteroid, and volatile anesthetic 

mechanisms suggests that these compounds produce similar alterations to receptor 

conformation and that these alterations require a direct interaction between drug and 

specific receptor binding sites. 

 

Allosteric theory 

 Allosteric theory posits that the conformational changes of allosteric proteins 

occur through concerted, symmetry preserving motions across all protein subunits and 

that allosteric modulators alter receptor function by altering the preexisting equilibrium 

between these receptor conformations (Changeux and Edelstein, 1998; Changeux and 

Edelstein, 2005).  Single channel recordings of wt GlyR activity in the presence of 10 µM 

and 3 µM glycine (Chapters 4 and 5) support the idea that GlyR conformational changes 
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result from concerted changes across all five receptor subunits.  The all-or-none nature of 

channel openings, as demonstrated by the rapid jumps between zero conductance and full 

conductance current levels, suggests that the GlyR can only exist in fully closed and fully 

open states.  Unfortunately, the single channel data cannot tell us whether changes from 

one closed state to another or from one open state to another occur in such a concerted 

manner, but the nature of the observed opening and closing transitions suggests that this 

may hold true for all conformational transitions. 

 Our single channel data on halothane and isoflurane modulation of GlyR function 

clearly support the notion that allosteric modulators act by altering the transition rates 

between preexisting receptor conformations.  In both the presence and absence of these 

drugs, the number of channel open and closed states remained constant at three and four, 

respectively, indicating that these drugs did not prolong channel open times or burst 

durations by creating novel open or closed states.  Instead, the modulatory effects of 

halothane and isoflurane were due to drug-induced decreases in the rates of exit from the 

medium- and long-lived channel open states.  Using the terminology of allosteric theory, 

halothane and isoflurane therefore altered the isomerization equilibrium between the 

closed and open conformations.   

 

A Novel unitary theory of anesthetic action 

 For most of the 20th century, it was commonly held that anesthetics act through a 

single mechanism.  This so called unitary theory of anesthesia was originally based on 
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the Meyer-Overton correlation and thus supported the idea that anesthetics act by altering 

lipid bilayer properties (Evers and Crowder, 2001).  As investigators learned more about 

the specific effects on anesthetics on protein function, modifications to this theory were 

proposed (Trudell, 1977; Hameroff, 1998), but overwhelmingly the unitary theory fell out 

of favor due to increasing evidence that anesthetics affect organismal physiology through 

a number of disparate mechanisms.  In 2002, however, a molecular dynamics simulation 

study by Tang and Xu caused the authors to suggest a new twist on the unitary theory 

(Tang and Xu, 2002).  In this study, the simulation data indicated that anesthetics could 

alter protein function by subtly interacting with channel residues at the channel-lipid-

water interface, thereby inducing alterations in the dynamics of protein fluctuations.  As 

this mechanism did not require that proteins possess specific anesthetic binding pockets 

in order to be modulated, Tang and Xu proposed that this simple mechanism could 

explain the diverse effects of anesthetics on a wide range of membrane proteins.  There 

are several difficulties, however, associated with this hypothesis.  First, the data were 

based solely on in silico simulations of gramicidin A channel function, and therefore 

there is no experimental data to suggest that the hypothesis is valid.  Second, there is now 

a significant amount of data indicating that anesthetic binding pockets do exist, at least in 

certain proteins (Rudolph and Antkowiak, 2004; Hemmings, Jr. et al., 2005).  Third, 

Tang and Xu’s theory cannot explain the well-documented effects of anesthetics on 

soluble proteins such as firefly luciferase (Franks and Lieb, 1984; Lobo et al., 2004a). 
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 Based on the results of our studies and previous studies, we propose a novel twist 

on the unitary theory of anesthetic action.  The single channel data presented in Chapter 5 

revealed that halothane and isoflurane modulate GlyR function in a nearly identical 

manner, even though these two anesthetics differ chemically (halothane being an alkane 

anesthetic and isoflurane being an ether anesthetic).  Since the effects of these drugs on 

single channel kinetics were also strikingly similar to the effects of other allosteric 

modulators on the GABAAR, we can infer that halothane and isoflurane share a common 

mechanism not only with one another but also with other allosteric modulators.  Studies 

of the residues that mediate the ability of channels to be modulated by anesthetics 

indicate that these residues form water filled pockets between protein domains in which 

anesthetics can bind (Lobo and Harris, 2005; Hemmings, Jr. et al., 2005).  Solution of the 

alcohol-bound structure of the Drosophila odorant binding protein LUSH revealed that 

ethanol binding to a protein with no relation to the LGICs occurred via a protein motif 

found in the binding pockets of Gly, GABAA, and nACh receptors as well as in Shaw, a 

Drosophila potassium channel sensitive to ethanol (Kruse et al., 2003; Covarrubias et al., 

1995).  On the basis of these findings, we submit that anesthetics alter organismal 

physiology by binding to water filled pockets of a conserved structure in target proteins 

and through this binding, modulating protein function according to the principles of 

allosteric modulation. 
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A Proposed mechanism for allosteric modulation of the GlyR gating mechanism 

 Over the past few years, there has been a surge in our understanding of the 

molecular pathway through which the gating signal of Cys-loop receptors is transduced 

from the agonist binding pocket to the channel pore (Colquhoun and Sivilotti, 2004).  

This began in 2000 when Grossman et al. conducted a single channel study of the closed 

to open transition of the nAChR.  This study utilized linear free energy relationships and 

receptor point mutations to show that the channel closed to open transition occurs as a 

conformational wave that travels from the agonist binding pocket in the extracellular 

domain down to the channel pore in the transmembrane region (Grosman et al., 2000).  

This mechanism, however, did not address exactly how this conformational wave could 

travel between the extracellular and transmembrane domains.  Three years later, Kash et 

al. answered this question by demonstrating with the GABAAR that the agonist binding 

signal proceeds to the channel gate via salt bridge coupling of β-strand loops 2 and 7 in 

the extracellular domain to the TM2-TM3 linker (Kash et al., 2003).  The most recent 

structural analysis by Unwin indicates that agonist binding induces a clockwise rotation 

in the ligand binding domain β-sheets, which results in a rotation of the β1-β2 and Cys 

loops relative to the TM2-TM3 linker (Unwin, 2005).  Unwin suggests that the TM2-

TM3 linker is responsible for retaining the TM2 domains in their closed conformation, 

but once the β1-β2 and Cys loops have rotated, the TM2-TM3 linker releases the TM2 

domain, allowing it to rotate and break the hydrophobic bounds that were sealing the pore 
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shut.  Using linear free energy relationships and a series of TM2 point mutations, Cymes 

et al. collected data on the nAChR indicating that the conformational wave of channel 

gating causes the extracellular half of the channel pore to move toward the open state 

before the intracellular half (Cymes et al., 2002).  Finally, a recent single channel study 

of the nAChR utilizing rate-equilibrium free energy relationships and a series of point 

mutations showed that the agonist binding signal is transduced to the TM2-TM3 linker 

through a residue in β-strand 10 (the strand that leads into TM1) which forms a salt 

bridge with a residue in the β1-β2 loop which in turn interacts with the TM2-TM3 linker 

(Lee and Sine, 2005).   

 Considered together, these data suggest the following mechanism for the 

transition from the closed to open conformation.  First, agonist binding causes a 

conformational change in the binding pocket which leads to a clockwise rotation of the 

extracellular domain.  This rotation causes β-strand 10 to exert a force on the β1-β2 loop.  

This loop along with the Cys loop then release the TM2-TM3 linker from restricting the 

motion of the TM2 domain.  The top half of the TM2 domain then rotates open, followed 

in turn by the bottom half of TM2.  Then channel is then in the open conformation and is 

free to conduct ions.  Channel closing presumably occurs through a direct reversal of this 

process. 

 With such detailed data about the gating mechanism in hand, we are in a solid 

position from which to speculate about how alcohols and volatile anesthetics might alter 

channel gating to produce enhancement of GlyR function.  Previous data from Lobo and 
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colleagues has already suggested that the volume of the GlyR alcohol and anesthetic 

binding pocket increases upon channel opening (Lobo et al., 2004a).  This led the authors 

to hypothesize that drug occupancy of the binding pocket may help to stabilize the 

channel in the open state.  Since the single channel data in Chapter 5 demonstrated that 

volatile anesthetics do in fact stabilize the GlyR open state, it is likely that these drugs do 

this by promoting the enlarged conformation of the binding pocket.  With the binding 

pocket located in the extracellular half of the transmembrane region, a logical hypothesis 

is that the occupied pocket exerts a force on the extracellular half of TM2, which in turn 

decreases the energy barrier to channel opening and increases the barrier to channel 

closing.  Data from the linear free energy relationship studies described above suggests 

that forces exerted on the extracellular half of TM2 will be felt downstream by the 

intracellular half of TM2 and upstream by the TM2-TM3 linker and then the extracellular 

domain.   

 Unwin indicated that the breaking of weak hydrophobic bonds between the TM2 

domains lining the channel pore is likely to be responsible for opening of the channel 

pore.  Given that the bonds holding the pore together might be weak, it is interesting to 

consider that rotation of one TM2 domain in a receptor pentamer might therefore provide 

sufficient force to break the hydrophobic bonds holding the channel pore together, 

thereby allowing the occupancy of a single binding pocket to alter receptor function.  In 

further support of the idea that the energy required to open the channel gate is minimal, 

Unwin wrote, “the fast gating kinetics implies that the activation energy required to 
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switch between the open and closed pores is very small.  Only a minor structural 

perturbation should therefore be sufficient to tip the balance one way or the other” 

(Unwin, 2005).  Our finding that occupancy of one binding pocket per pentamer can 

enhance GlyR function (Chapter 3) is certainly consistent with the idea of low activation 

energy for channel gating.  This also helps to explain how mutations at S267 and A288 

were able to so dramatically alter GlyR gating (Chapter 4).  Thus, the combination of our 

data with data from previous studies strongly supports the hypothesis that alcohol and 

volatile anesthetics modulate the GlyR, and by extension other Cys-loop receptors, by 

promoting the enlargement of binding pockets which are energetically and structurally 

tightly linked to the functioning of the channel gate. 

 

Directions for future study 

 One of the great ironies of scientific research is that every gain in knowledge 

actually generates more questions than it answers.  Accordingly, while the findings 

reported in this dissertation advance our understanding of alcohol and volatile anesthetic 

modulation of GlyR function, a number of questions remain to be answered.  Some of 

these are enumerated below. 

 

1. The single channel studies of volatile anesthetic enhancement presented in Chapter 3 

were limited to two drugs used at a 2 MAC concentration in the presence of a constant 

concentration of glycine.  Future studies should examine the effects that a broad range of 
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concentrations of halothane, isoflurane, and additional volatile anesthetics have on the 

single channel kinetics of GlyR function. Analysis of the data from these experiments 

should establish how GlyR transition rates depend on anesthetic concentration.  By fitting 

kinetic models to this data, the affinity of anesthetic binding can be calculated and it 

should be possible to assess how much the binding of a single anesthetic molecule alters 

receptor function.  Other studies should examine the effects of volatile anesthetics on 

GlyR single channel activity elicited by a range of glycine concentrations.  Such 

experiments would help to determine whether anesthetics enhance any aspects of GlyR 

function in when the GlyR is activated by high glycine. 

 

2.  The single channel kinetic data in this dissertation were collected under steady-state 

conditions.  Recording under such conditions can provide significant insight into receptor 

function, but does not provide much information about how alcohols and anesthetics 

modulate receptor function in synapse-like conditions where agonist is released in brief, 

high concentration pulses.  To address this issue, concentration jump experiments should 

be conducted.  In these experiments, a rapid perfusion device should be used to expose 

outside-out patches containing GlyRs steadily perfused with anesthetic to brief pulses of 

high glycine.  Combined analysis of concentration jump single channel data along with 

steady state single channel data will provide a highly refined model of GlyR allosteric 

modulation. 
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3.  For this dissertation, it was not possible to examine the modulatory effects of ethanol 

on GlyR function due to difficulties in obtaining ethanol enhancement of GlyRs 

expressed in HEK 293 cells (data not shown).  Future studies should ascertain why this 

effect is lacking in HEK cells and should examine the enhancing effects of ethanol on 

single channel GlyR function in an expression system or under conditions in which these 

enhancing effects are retained. 

 

4.  In Chapter 4, the effects of two binding pocket mutations on GlyR gating were 

examined.  Additional point mutations at positions 267 and 288 as well as at the positions 

of other putative binding pocket residues should be made.  The effects of these mutations 

on GlyR single channel function should be characterized in order to establish what, if 

any, correlation exists between the chemical properties of amino acids at these positions 

and the ability of these positions to affect channel gating.  Such data might help to 

establish just how sensitive the channel gate is to the chemical properties of the alcohol 

and anesthetic binding pocket. 

 

5.  The experimental approach in Chapter 3 depends on the hypothesis that PMTS 

labeling of S267C residues closely mimics the effects of alcohol or anesthetic binding on 

GlyR function.  This hypothesis should be more thoroughly examined via single channel 

investigations into the effects of PMTS labeling on the function of homomeric S267C 

and heteromeric wt:S267C GlyRs.   
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6.  It has been suggested that the development of compounds to specifically modulate 

GlyR function could yield clinically useful muscle relaxants, analgesics, and treatments 

for spasticity (Laube et al., 2002).  By continuing to advance our understanding of the 

molecular and kinetic mechanisms underlying GlyR modulation by ethanol and volatile 

anesthetics (GlyR modulators that already exist), future studies of GlyR modulation 

should enable pharmaceutical companies to pursue more rational approaches to the 

design of GlyR specific drugs. 
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