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ABSTRACT 

Anaesthesia is a drug-induced reversible perturbation of neuronal activity. Since a wide 
variety of structurally unrelated substances are capable of producing this phenomenon, it has 
been generally accepted that anaesthetics produce their effects through non-specific hy- 
drophobic interactions. Results of recent studies in whole animal and celhdar (membrane) 
preparations demonstrate that a unitary theory of action does not exist. Anaesthetics can 
produce a spectrum of activity in the central nervous system, and different agents produce 
different patterns of activity. At the cellular and membrane level, differential effects have 
been observed, structural dependent differences occur and optical isomers display very 
different activities. The perturbation (fluidity change) of membrane components does not 
appear to be uniform for all anaesthetics. It is concluded that anaesthetics are selective agents, 
and produce their effects at multiple sites and through a variety of mechanisms. 

INTRODUCTION 

IN HIS REVIEW " T h e  Present  Status of  the 
Theories of Narcos i s" ,  Henderson I concluded 
with the statement " T h e  final chapter  in the 
theories of narcosis (anaesthesia) has as yet to be 
wri t ten ."  Although this s ta tement  was made half 
a century ago, it remains true to the present  day, 
and will probably do so for many years to come.  

Why does the machanism of  anaesthesia still 
remain a mystery? One of  the major problems is 
the lack of  a suitable definition for the phenome-  
non of anaesthesia.  This is complicated by the 
absence  of  a clear understanding of conscious-  
hess. 2 The anaesthetist  regards anaesthesia  as a 
state of  unconsciousness  accompanied by as few 
as possible undesirable somatic or  autonomic 
reactions,  such as response to painful (surgical) 
stimuli. ~ Anaesthesia  can also be described as a 
drug-induced perturbation of normal activity in 
the central nervous system (CNS) which is com- 
pletely reversible. 4 It is a phenomenon that can 
be produced by a wide variety of  chemical sub- 
stances.  The one common modality among these 
agents is lipid sglubility.5 

Since many excellent reviews have been writ- 
ten on the subject of  mechanisms of anaes- 
thesia 6-1 ~ a complete  review of  the literature has 
not been presented.  Instead,  an at tempt has been 
made to demonst ra te  that anaesthet ics  are selec- 
tive agents,  and there are probably multiple 
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mechanisms of  anaesthesia.  Without a precise 
definition of the effect (anaesthesia) or of  the 
agent (anaesthetic) it is difficult to provide a con- 
cise and complete  review. One of the major 
difficulties in this area of  research is the broad 
nature of  the science. The approach in this re- 
view, therefore,  will be to focus on some of  the 
cellular and membrane effects of  anaesthet ics .  At 
this level of  study, a great deal of  information has 
evolved during the past  several years which has 
made it possible to gain a bet ter  understanding of  
how these drugs affect neuronal and membrane  
functions.  The relevance of  most of these data to 
the phenomenon  of  general anaesthesia has yet to 
be resolved;  however ,  the studies have provided 
considerable support  that the mechanisms of 
anaesthesia  are not common for all anaesthet ics .  

Anaesthet ics  are usually termed non-specific 
pharmacological agents.  6 An anaesthet ic  has 
been defined as any agent or drug which is capa- 
ble of  reversibly blocking neural conduct ion 
without any significant effect on the resting mem- 
brane potential. 6 This definition could include 
many chemical substances  which are not 
classified pharmacologically as anaesthet ics .  In 
this review, an anaesthet ic  will be loosely inter- 
preted as any agent that is capable of  producing 
the state of  anaesthesia.  

The non-specific descriptive term implies that 
there is no precise interaction of  an anaesthet ic  
molecule with a receptor ,  al though it has been 
suggested that the membrane  could be  regarded 
as a receptor,  s In general,  it has been accepted 
that anaesthet ics  simply combine with hy- 
drophobic regions in membranes  of  excitable 
cells, and this physical interaction yields a per- 
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turbation of membrane structure and function. 
This perturbation could prevent transmission of 
excitability necessary for perception and/or in- 
terpretation of painful stimuli, consciousness, 
awareness, memory, etc., thus creating the state 
of anaesthesia. 

Non-Specific Theories of  Mechanism 
For nearly a century, it has been generally ac- 

cepted that all anaesthetics produce their effects 
by a non-specific mode of action, and that this 
mechanism was similar for all agents. 5 The prin- 
cipal reasons for general acceptance of this con- 
cept were the observations that a wide variety of 
chemical agents could produce the effect; there 
appeared to be no structural requirement for ac- 
tivity other than lipid solubility; a specific recep- 
tor was never identified; nor was a specific 
chemical antagonist discovered. The excellent 
correlations of physical properties (e.g. lipid sol- 
ubility) of the wide variety of agents with 
anaesthetic activity emphasized the importance 
of hydrophobic interactions, and focused atten- 
tion towards a simplistic physical mechanism of 
action referred to as the Unitary Theory of 
Anaesthesia. 

The Unitary Theory is merely an expression of 
a correlation and provides little, if any, explana- 
tion of mechanism, but rather is a rule for activity 
(i.e. requirement of lipid solubility) and perhaps 
directs attention to the hydrophobic characteris- 
tic of the site(s) of action. 

Sites of  Anaesthetic Activity 
Most biological cells are susceptible to the ac- 

tions of anaesthetics. 6'~2 Therefore it is very 

likely that most regions of the central nervous 
system are affected by these agents.Attempts to 
identify precisely the major regions of the central 
nervous system (CNS) associated with anaes- 
thesia have not met with much success TM. Nu- 
merous studies have demonstrated the ability of 
anaesthetics to affect a variety of regions in the 
CNS; for example, cortex, medial thalamus, 
basal ganglia, hypothalamus, mesencephalic re- 
gion, hippocampus.~3-~ 6 There is some evidence 
to suggest that anaesthetics affect specific regions 
in the CNS, such as the reticular formation, 
which in turn influence cortical activity; but it is 
uncertain whether a loss or depression of as- 
cending sensory information in these regions has 
anything to do with unconsciousness. ~ ' There are 
regions in the CNS that may be insensitive to the 
effects of anaesthetics, for example, the dendro- 
dendritic excitatory synapses of olfactory bulb. 17 

In general, most agents are capable of enhancing 
and ultimately disorganizing spontaneous re- 
ticular activity. 4'14'1s'~9 

Neurophysiological experiments have demon- 
strated that a single state of anaesthesia does not 
exist,4.ts.20 but rather a continuum or progressive 
alteration of central activity occurs, producing 
both depression and excitation. 18.19 It is common 
to generalize and assume that anaesthesia is 
purely a depression of neural activity; but 
depression could be produced by any alteration 
such as excitation, facilitation or depression at 
one or more levels of neural function, for exam- 
ple, initiation, amplification, integration or prop- 
agation of impulse. 

It has been well documented that different 
anaesthetics can produce different spectra of 
act ivi ty)  and individual anasthetics have been 
associated with specific electroencephalographic 
(EEG) patterns. Alteration of either inhibitory or 
excitatory processes in certain regions of the 
CNS may result in the major components of the 
anaesthetic state, such as analgesia, amnesia, 
muscle relaxation and unconsciousness. 4 

Cellular Effects of  Anaesthetics 
The language of the central nervous system 

may be illustrated simply as transmission of ac- 
tion potentials from one cell to another, and 
eventually from one region of the CNS to 
another, or from the periphery to the CNS. This 
occurs through neurons and across synaptic 
clefts. The primary site of action of anaesthetics 
in the CNS is believed to be at the chemical 
synapse(s).~,21.22 This is supported by the ob- 
servations that many anaesthetics depress syn- 
aptle transmission at lower concentrations than 
required for conduction block in axons, z3-z5 

Since general anaesthetics, such as the gaseous 
and volatile agents, are also capable of blocking 
axonal conduction,26'27 it has been suggested that 
general anaesthesia is a result of the blockade of 
fine unmyelinated nerve terminals which would 
lead to apparent synaptic depression. 25 This 
presents a similarity of effect between the local 
and general anaesthetics.n 

There have been a number of reports dem- 
onstrating the depressant effects of anaesthetics 
on both peripheral and central synapses (see 
reference 22). A few of these studies have also 
shown the enhancement 28"~9 or facilitation 3~ of 
synaptic activity produced by anaesthetics. De- 
pression of release of excitatory neuro- 
transmitter 31 and increase of inhibitory trans- 
mitter t7 have also been implicated in the synaptic 
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effects of anaesthetics. Presumably these effects 
would occur as a result of pre-synaptic actions of 
anaesthetics, possibly by interference with a 
calcium-mediated neurosecretory process.~ 

The responsiveness of the postsynaptic mem- 
brane or receptor may also be altered, zz This 
could result from a decrease in chemosensitivity 
of receptors, 6 alteration of postsynaptic ionic 
channels, z3'33 stabilization of postsynaptic mem- 
brane,34'3s or inhibition of action potential propa- 
gation. 36 Current data suggest that many sites at 
the synapse may be involved, and the specific site 
of action for a certain anaesthetic may be depen- 
dent on the structure of the agent. 22 

Interactions o f  Anaesthetics With Membranes 
Cellular membrane 
The cellular membrane is regarded to be the 

major site of action. 5 Cellular membranes are 
complex structures consisting of a phospholipid 
bilaycr embedded with proteins. 37 Many of the 
proteins are essential to membrane function/s 
Some of the proteins may be immobile, although 
most are probably in a state of general lateral 
diffusion. -~9 The interactions between lipids and 
proteins are not well understood.'~ 

Proteins are amphiphatic and thus provide a 
large number of hydrophobic sites for the 
anaesthetic molecules within the membrane in 
addition to the phospholipid bilayer, s Although 
many studies emphasize the lipid bilayer, s-7 it is 
most probable that more than one region is in- 
volved in the anaesthetic-membrane interac- 
tion. *! 

Membrane theories o f  anaesthesia 
A correlation between anaesthetic potency and 

lipid solubility was first noted independently by 
Meyer and Overton and provided the basis of the 
lipid solubility theory or rule of anaesthesia. 4z It 
was postulated by Meyer 42 that anaesthesia oc- 
curred when a critical concentration of anaesthe- 
tic was attained in the membrane phase. 

Attempts to extend this rule and develop a 
proper theory soon followed, and the concept of 
volume of anaesthetic in the membrane phase 
rather than number of molecules was developed 
by Mullins. '3 He suggested that volume as- 
sociated with shape and size was the determining 
factor for activity. If the size of the molecule was 
suitable, and could fit into the "holes" of the 
membrane lattice structure, then, when a critical 
volume was occu,pied, ionic channels would be 
blocked, and the excitability of the cell would be 
depressed. Other molucules which were either 

OF ANAESTHESIA 435 

tOO large or not the proper shape would be con- 
vulsants, and other molecules which were com- 
plementary to the molecules in the membrane 
would be inert. 

This concept of volume was modified by Mil- 
ler, et al. 44 and became a mechanistic theory of 
action known as the Critical Volume Hypothesis, 
which stated that anaesthesia would result if the 
volume ofa hydrophobic region in the membrane 
were expanded beyond a critical volume by ad- 
sorption of an anaesthetic. This theory suggested 
expansion to be the mechanism of anaesthesia. 
Several observations were consistent with this 
theory, s'6 for it was known that anaesthetics 
could expand monolayers, bilayers, oils, sol- 
vents, and even biological membranes. In addi- 
tion, an opposing force (compression) by high 
pressure could antagonize or reverse the 

anaesthetic effect and, therefore, provided sup- 
port for expansion.'* However, the characteris- 
tics of pressure reversal may not be similar tbr all 
anaesthetics. 4t'45 The change in volume was es- 
timated to be of the order of 0.5 per cent. '6~s It 
has not yet been established precisely what form 
of expansion occurs; that is whether the altera- 
tion in membrane size is a multi-dimensional or 
two-dimensional change (see reference 5). 

Fluidization o f  membranes 
In order for the volume (multi-dimensional) or 

surface area (two-dimensional) of the membrane 
to change, it is necessary for the resistance to 
lateral diffusion of molecular components to de- 
crease. This is referred to as fluidization. Fluidi- 
zation may be regarded as a change in the order of 
the membrane structure and can be examined 
using spin probe resonance or fluorescence 
spectroscopy. In general, most anaesthetics alter 
the fluidity or order of the membrane, and this 
implies that anaesthetics induce a transition from 
one phase to another. 49 In terms of the lipid 
bilayer, anaesthetics cause a shift of the gel phase 
(ordered) to a liquid crystalline phase (disordered 
or fluid). 

Anaesthetic-induced fluidization may affect 
the excitability of a neuronal membrane in a vari- 
ety of ways. Anaesthetics may increase the mo- 
bility of the entire bilayer, which could induce a 
membrane expansion s and thereby alter the 
functions of the proteins. Anaesthetics may af- 
fect only certain lipids, for example the phos- 
pholipids surrounding the functional proteins 
(ionophores). It is suggested that these lipids, 
termed lipid annulus, exist normally in the gel 
phase retaining the ionic channel in an open 
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state, s~ When these lipids are fluidized or 
"melted" by an anaesthetic, the channel cannot 
remain open and therefore excitability is de- 
pressed. It has also been proposed that anaesthe- 
tics affect the regions where lipids in the gel phase 
coexist with lipids in the crystalline phase. 49 
These regions are termed lateral phase separa- 
tions and can be transformed by anaesthetics, 
which may prevent conformational changes in 
functional proteins from occurring, thus reducing 
neural function. 49 The latter two theories of 
fluidization are very similar. 

Fluidity occurs at clinical concentrations of 
anaesthetics 8 and correlates well with biological 
activity, s However, anaesthetics may order as 
well as disorder biomembranes, t~.s ~,sz and fluid- 
ity may also be dependent on composition of 
membranes, s3,s4 as well as structure of the per- 
turbing molecule (anaesthetic). ss It still remains 
to be proven whether fluidity of phospholipids 
can account completely or in part for anaesthetic 
action. 

It is unlikely that perturbation of membrane 
lipids can account for all of the actions of 
anaesthetics. Membrane proteins are involved in 
many functions of the cell. 4~ Anaesthetics may 
alter protein conformation by interacting directly 
with the proteins s or indirectly through the 
lipids. 49 It has also been suggested that different 
anaesthetics interact with different sites on func- 
tional proteins, s6 

Selectivity of  Anaesthetic Actions 
A unitary theory, which proposes that all 

anaesthetics act by a common mechanism, can- 
not account for the selectivity of action which is 
exhibited in the whole animal, ~3 and at the cellu- 
lar or membrane level3 Although subtle when 
compared to classic drug-receptor interactions, 
selectivity of action by anaesthetics suggests that 
the site(s) is capable of distinguishing slight 
structural differences. 

In clinical anaesthesia, it is well recognized 
that all anaesthetics do not produce the same 
effects on peripheral systems such as the res- 
piratory and cardiovascular systems. A variety of 
patterns of anaesthesia can be observed in the 
CNS which cannot be accounted for by differ- 
ences in pharmacokinetics. 2~ Anaesthetics can 
produce both excitation and depression, sug- 
gesting selective inactivation or facilitation of 
specific processes. 4 Most anaesthetics initially 
enhance activity in the CNS, then progressivly 
produce depression. However, anaesthetics do 
not depress all synapses in the CNS. 3~ The varia- 

tion in response or spectrum of activity may be a 
result of selectivity of action at a single site or at 
multiple sites, s Multiple sites may possess similar 
but not identical physical properties, which 
would provide an explanation for the correlation 
which exists between potency and lipid solu- 
bility, ss 

In addition to lipid solubility, activity may be 
related to structure of the anaesthetic molecule. 59 
Structure activity relationships have been well 
demonstrated for a variety of substances includ- 
ing barbiturates, 6~ steroid anaesthetics, 63 
fluorinated ethers and alkanes, s8'64 ketamine 
isomers, 6s and long chain alcohols, s~ 

Cellular Effects 
A variety of responses can be elicited by 

anaesthetics at the cellular level. In addition to 
the biphasic responses of excitation and depres- 
sion, which are usually related to concentra- 
tion, 66 differences in response are observed with 
different structures, t2'62 Selectivity also occurs 
on different cell types, 67 suggesting different neu- 
rones may possess variable specific properties. 
Using isolated cultured neurones, Barker and his 
associates have shown significant differences in 
activity between the anaesthetic and anticonvul- 
sant barbiturates, 68 and stereospecific barbitu- 
rates. ~z Landau and colleagues, using isolated 
neuromuscular preparations, have reported dif- 
ferential effects of the anaesthetic and convulsant 
volatile agents, ss 

Changes in fluidity of the membrane have been 
shown to be sensitive to structure. 52 Miller, et al. 
introduced the terminology "fluidising efficacy" 
to describe the wide variations observed in fluid- 
ity changes of phospholipid bilayers with differ- 
ent substances. 53 

!n our own laboratory, we have examined the 
effects of several different anaesthetic agents on 
the charactersitic firing output of an isolated 
neuron - the stretch receptor of the 
crayfish. ~z'69'7~ It has been observed that differ- 
ent anaesthetics can selectively alter the activity 
(behaviour) of the neuron. The complete spec- 
trum of excitation and depression that occurs in 
intact animals and man was observed at the level 
of the single cell. These biphasic effects were 
time and concentration dependent. In addition to 
activation and depression, a third phase was ob- 
served with some anaesthetics. This phase was 
characterized by an alteration of the normal 
rhythmical firing pattern to one consisting of 
bursts. This disruptive phase can be produced by 
the short chain alcohols (C2-C7) and the volatile 
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anaes the t ics .  The  burs t  pa t te rns  occurred at con- 
cent ra t ions  jus t  below those  required to produce  
comple te  depress ion  of firing. Mos t  dramat ic ,  
however ,  was the difference in burs t  pat terns  for 
the  different  anaes the t ics .  For  example ,  500 m M  
ethanol  would produce a burs t  consis t ing  of  be- 
tween 10-20 spikes.  The  burs t s  also fired in a 
rhythmical  fashion.  Halo thane  (20 p.M) produced 
very ar rhythmical  burs ts  of  high f requency ,  each 
burs t  consis t ing of  a variable n u m b e r  of  spikes.  In 
cont ras t ,  s ome  anaes the t ics  would never  produce  
a burs t  activity,  but would enhance  and depress  
firing rate. Examples  of  this group are local 
anaes the t ics  and pentobarbi tone .  Recent  s tudies  
us ing intracellular t echn iques  7t sugges t  the 
drug- induced al terat ions of neuronal  behaviour  
may  be related to selective act ions  at the mem-  
brane  level. 

Multiple Sites o f  Act ion 
The neural  m e m b r a n e  is not a bulk phase ,  7 but  

p o s s e s s e s  mic rohe te rogeneous  regions s9 and 
thus  is capable of  a high level of  s t ructural  dis- 
cr iminat ion,  s,9 L iposomes ,  which are not  as 
complex  as biological m e m b r a n e s ,  also appear  to 
be able to recognize dif ferences  in molecular  
s t ructure .  72 The  ability of  m e m b r a n e s  to dis- 
cr iminate  s t ructural  d i f ferences  may  explain why 
some  lipid soluble molecules  are not act ive,  and 
o thers  are only partially act ive.  

The  spec t rum of  act ivi ty of  anaes the t ics ,  
s t ructural  d iscr iminat ion,  d i f ferences  in effect  
o f  optical i somers  and  dif ferences  be tween  
anaes the t ics  on specific prepara t ions  suggest  
multiple sites o f  act ion,  it 

The  variation in r e sponse  o f  a single cell to 
different anaes the t ics ,  d i f ferences  o f  act ion o f  
optical i somers  and differences be tween  different 
physiological  preparat ions  sugges t  that  there are 
multiple si tes and multiple m e c h a n i s m s  of ac-  
t ion. 41 This  concept  is not  in suppor t  of  a uni tary  
theory  of  anaes thes ia .  Anaes the t i c  agents ,  al- 
though historically te rmed non-specific agents ,  do 
posses s  very selective act ions  at the molecular  
level. 

The  m e c h a n i s m s  o f  act ion are as yet  undefined;  
thus  the  final chap te r  in the  m e c h a n i s m s  of  
anaes thes i a  (narcosis)  remains  unwri t ten.  
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Rr~SUM~ 

L'anesthgsie est une perturbation rgversible d'origine mddicamenteuse de I'activit6 
neurologique. Comme une grande vari~'t6 de substances non apparentdes structurellement 
peuvent produire ce phdnom~ne, il est g6ndralement accept6 que les agents ancsth~siques 
produisent leafs effets par des interactions non sp~:cifiques/~ earact~:re hydrophobique. Les 
r6sultats de travaux r6cents, tant chez I'animal que ceux effeetugs sur des montages cel- 
lulaires (niveau de la membrane) ont ddmontrd I'absence d'une thdorie unique pour expliquer 
le m6canisme d'action des anesthdsiques. Les anesthdsiques peuvent exercer leur activit6 "h 
plusieurs sites du syst~me nerveux central et diff&ents agents exercent des effets diff&cnts. 
Au niveau de la membrane et de la eellule, des effets diff6rents ont 6t6 observ6s, on note des 
diffgrences scion la structure moMculaire et des isom~:res optiques exercent des actions tr~:s 
diff&entes. Les modifications (propri6t6s fluidiques) des composants de la membrane ne 
semblent par uniformes avec tousles agents. On conclut que les agents anesthgsiques sprit des 
agents sdlectifs qui produisent louts effets h diff&ents sites et par des mgcanismes varigs. 




