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The molecular mechanisms of general anaesthesia are
not known. Over the years many different approaches
to this problem have failed to identify the molecular
tarpet(s) of anaesthetics with certainty. Quite recently,
a few mutants have been isolated in Drosophila
melanogaster and Caenorhabditis elegans which deviate
from the Meyer-Overton rule and show an altered
response to different anaesthetics. In this review we
assess the relevance of this newly emerging genetic
approach in understanding the molecular mechanisms
of anaesthesia.
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UNDERSTANDING the molecular and cellular mechanisms
underlying drug action is central to drug design. Progress
towards such an understanding has been aided by studies
of structure—activity relationships. In the case of
phenothiazines, for example, nearly a hundred closely
related compounds are major tranquilizers and it has
been possible to design improvement in these molecules
by analysing their action on the basis of their conserved
chemical structures.'! Despite nearly a hundred and fifty
years of clinical use, inhalational general anaesthetics
defy such an analysis. These agents, which induce
reversible loss of consciousness without adversely affec-
ting vital functions, are a widely diverse class of
molecules (Figure 1) with hardly any chemical similarity.
Hence, approaches based on structure-activity relationship
have not been useful in defining the target(s) of anaes-
thetic action. The state of anaesthesia is defined at the
level of the whole animal. Virtually every aspect of
nervous system function is depressed. As yet, it is not
clearly known which region(s) of the brain or which
cellular processes are predominantly affected.

Since general anaesthesia 1s most widely used 1n pain
management during surgery, an understanding of the
molecular mechanisms underlying this phenomenon is
an important concern for medical as well as basic
sciences. In this review we will attempt to bring together
some of the Interesting observations regarding general
anaesthesia and assess critically the relevance of an
emerging genetic approach which has the potential to
Identify molecules involved in anaesthetic response, from
studies at the level of whole animal.

Potency and Meyer-Overton rule

The potency of general anaesthetics has a linear cor-
relation to their hydrophobicity, This was recognized
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by Meyer and Overton™ well over a hundred years
ago, This principle 1s applicable to all the cases of
volatile general anaesthetics (Figure 2) and organisms
studied. A high olive oil/gas partition coefficient reflects
high hydrophobicity and vice versa; MAC is a measure
of potency, and the lower the MAC, the more potent
s the anaesthetic agent. The correlation holds good
when hydrophobicity is determined by olive oil/water
partition coefficient, octanol/water partition coefficient®
or for that matter total lipid/water partition coefficient.
A corollary to this is that potency i1s independent of
the size or chemical groups in an anaesthetic molecule
and the target site is amphiphilic® ¢ It is also interesting
to note that the product of anaesthetic partial pressure
and oil/gas partition coefficient, which gives the con-
centration of anaesthetic agent at the site of action,
varies only slightly from species to species (Table 1).
Various attempts have been made to correlate anaesthetic
potency with other physical properties of anaesthetic
molecule’™ but none show the closeness of fit that is
observed with oil/gas partition coefficient.

Cut-off effect

Study of anaesthetic effects of homologous sertes of
alkanes and alcohols shows that the higher members of
the series are less potent or even nonanaesthetic. This
has been termed as the ‘cut-off effect’’”. The fact that
the higher homologues of these series are bulky and
also have low agueous solubilities'' probably explains
their inability to reach the target as well as fit in it
and consequently their low potency.

Pressure reversal of anaesthesia

A well-known result in anaesthesiology 1is that the
anaesthetic effect of all known agents can be reversed
by hyperbaric conditions of the order of 150 atm'®'’
How pressure exerts an antagonistic effect on anaesthesia
is itself an interesting question. Suggestions have been
made that anaesthesia results in a volume increase of
the membranes and at higher pressures anaesthetic
molecules are squeezed out from the site, thus reducing
the volume back to normal (critical volume hypothesis).
At the same time several results about the expansion
of membranes and volume changes are open to discusstion
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because the fractional changes are too miniscule™ ™.
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Figure 1, Anaesthetic agents. *Denotes agents in chimcal use (modified from ref. 70).

Table 1. Oil/gas partition cocefficients and potencies of inhaled anaesthetics in dogs, humans, mice and Droseplila

Oil/gas partition

coefficient Dogs Humans Mice Drosaphiia
MAC MAC x MAC MAC x *RR ED,, *RR ED, x ED, ED,, X

Anaesthetic 3T C 22°C (atm)  oil/gas (atm) {atm) otl/gas (atm) (atm) otl/gas (atm) (atmn) l/gas (atm)
Methoxyflurane 970" 1790 0 0023¢ 223 0 00164 [ 55 0.0023¢ 223 0 00140 2.5
Chloroform 265" 840 00077 2 08 - - 0.00357¢ (g5 (.03t 39 i 17
Halothane 224* 390 0 0087 1.95 0 00744 1 66 0.00645¢% 1 45 000410 I 60
Enflurane of6 54 15] 0 0267° 2.58 0.0168% 1 62 00123¢% .19 0 00506 076
Isoflurane 90 g* 150 00143¢ 128 001154 104 0 QUE6AS 0 60 0 00385 058
Diethyl ether 65” 95 0 0304 1 98 001924 1.25 00327 208 00168 1 60
Mean & SE 2012017 1 42011 1 41 +£026 {37+0 28

‘Ref. 7L, “ref 72, ‘ref 73, “ref 74, ‘ref 75, ‘1ef 76; *ref 77.

Values of oil/gas partition coefficient at 22°C taken from ref 58

D, values for Drosophila at 22°C taken from ref 78

*Righung reflex

Note' Files are grown al 22°C and tesied for angestheue response ot the same temperature,
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Figure 2. The comelation of anaesthetic potency with ohve oil/gas
partition coefficient (adapted from ref. 79). MAC refers to minimum
alveolar concentration and is defined as that concentration of anaesthetic
at 1 atm which mduces anaesthesia in 50% of the subjects.

VWhere do anaesthetics act?

It has never been questioned that the volatile general
anaesthetics have their primary target on neuronal
membranes. This also fits in with the Meyer—Qverton
rule. The stereospecific action of certain anaesthetics>™’
is suggestive of proteins, either directly or indirectly,
as targets of anaesthetic action. However, these results
show either no differential effect or differences that are
so small that it is impossible to infer the nature of the
target.

It has been shown by a variety of biophysical measure-
ments that anaesthetics increase the fluidity of membranes
and lipid bilayers'®. However, the observed increase in
fluidity™'* was at relatively higher concentrations of
anaesthetics, Later studies™'** conducted at clinically
relevant concentrations of anaesthetics showed that the
changes in lipid bilayer structure and fluidity are virtually
undetectable. Earlier it was also shown®*?! that clinical
concentrations of general anaesthetics produce sizeable
changes in the surface pressure of lipid monolayers held
at a constant area at an air/water interface. However,
X-ray and neutron diffraction studies>'* could not detect
any significant change in the structure or thickness of
lipid bilayers exposed to surgical concentrations of anaes-
thetics. Other lipid parameters like phase transition and
permeability’*?* have also been shown to be affected
by general anaesthetics but the changes 1n these
parameters are not so drastic**?*?°, These results are
understandable in the light of the amphipathic nature
of lipids themselves and have been hardly enlightening.
It 1s conceivable that lipids in membranes are in
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heterogeneous patches — specific membrane proteins sur-
rounded by specific lipids with more or less affinity
for anaesthetics. Proteins, on the other hand, have a
high degree of specificity of action. However, anaesthetic
literature is replete with results that Indicate interaction
of anaesthetics with almost every macromolecule invol-
ved in neuronal function. This leaves very little room
for a cohesive model as to how anaesthetics actually
depress neuronal function.

Anaesthetics bind to different classes of proteins, e.g.
bovine serum albumin (BSA), haemoglobin, lacto-
globulin, adenylate kinase and protein kinase C*'~*? but
one protein, the light-emitting Luciferase enzyme, appears
to be different as far as sensitivity to anaesthetics is
concerned. Anaesthetic agents not only 1nhibit the activity
of this enzyme at clinically relevant concentrations™ but
the inhibition appears to be competitive in nature and
in some cases pressure reversal has also been shown.
Franks and Lieb’** have shown that the potency of
anaesthetics correlated well with their ability to inhibit
the activity of firefly Luciferase in addition to correlation
with olive oil/water partition coefficient. How does a
protein with fixed molecular dimensions and specificity
for a particular substrate molecuie, luciferin, accomodate
molecular species as diverse as anaesthetics? Some
workers have suggested that the site may accomodate
a few of smaller-size molecules compared to say only
one of the larger-size molecule. But the scenario does
not look quite so simple.

It is conceivable that the anaesthetic molecules possess
properties not related to anaesthesia per se that help
them to reach the actual site before interacting with it
specifically and causing anaesthesia. These properties
are reflected by the Meyer-Overton rule and the cut-off
effect. The exact mechanism by which anaesthesia results
1s still an open question. It is not unlikely that several
specific effects seen with the functions of neuronal
macromolecules are incidental to anaesthetic partitioning
into neuronal membranes and not causative of anaes-
thesia. On the other hand, one cannot rule out the
possibility that the opening of a potassium channel,
closing of a sodium channel or blockage of synaptic
transmission is the primary effect. The wide variety of
suggested targets leaves room for questions as to what
molecular targets anaesthetics act on; or which regions
of the brain primarily produce the state of unconscious-
ness as seen in an anaesthetized animal? It is in this
context that a genetic approach becomes highly relevant.

The genetic approach

Complex physiological phenomena like Ilearning,
memory, alcoholism and anaesthesia are effectively seen
at the level of the whole animal. These studies therefore
require a systems approach and analysis of single cells
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is not likely to provide an understanding of the beha-
vioural changes. However, approaches like electro-
physiology, simple model systems and genetics have
yielded important information regarding the process of
learning and memory®®. Our contention is that a genetic
approach supplemented by cellular physiology would
yield better insight into the anaesthetized state.

Critical cellular components that may be involved in
the response to inhalational anaesthetics are also the
targets of mutational changes. Such changes that resuit
in a consistent pattern of altered response to anaesthetics
are what we seek in a genetic approach. These mutations
will be of value in identifying specific molecular targets
of anaesthetics if they exist or macromolecules in the
pathway of anaesthetic action. Such molecules could be
manipulated to change the time and site of their action
to yield valuable clues as to how anaesthetics act. Such
a manipulation needs simple model systems in which
the response can be quantified and the genetics 1s facile.
Two model systems C. elegans and D. melanogaster
show great promise in this respect. Mutations that cause
the organisms to deviate from the Meyer—Overton
relationship have been identified®* % in both these
systems. Such mutations may have altered the site of
anaesthetic action. Once mutations that alter sensitivity
to anaesthetics are obtained, it is possible to look for
second site mutations that affect the robustness of these
phenotypes. Such ‘enhancers’ and ‘suppressors’ reflect
interactions of the gene products*®# at molecular level,
either directly or as part of a cascade of physiological
change. These will be of value in understanding the
‘molecular cast’ of the anaesthetic response. Genetics
also offers the powerful tool of ‘mosaic analysis’*'
where one can create patches of mutant tissues in an
otherwise wild-type background and vice versa. Cor-
relation of anaesthetic response with a particular mosaic
patch in an otherwise wild-type background could yield
valuable clues to the focus of anaesthetic action in the
nervous system. For example, if a chimeric organism
with only central nervous system, fully or partly mutated,
shows an altered response (resistance or sensitivity) to
anaesthetics, it will clearly indicate that the site of this
mutant patch is the focus of anaesthesia. In fact, our
experiments with har38 (unpublished resuits) clearly
indicate that only a part of the central nervous system
(the cephalic ganglion) is required for the response to
general anaesthetics, We are now trying to map the site
even more finely. By creating different alleles of the
same mutated locus, which is possible and routinely
done in Drosophila, the function of different domains
of a protein vis-d-vis anaesthesia may also be worked
out. Genetics thus offers the study of anaesthetic action
at the level of whole organism (by mosaic analysis)
and also at the level of single putative target molecule
(by creating allelic series of mutations).
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Flies, litke humans, can be rendered unconscious by
knock-out insults like mechanical shock, temperature
changes as also with anesthetics. This state of uncon-
sciousness which renders the organism immobile invariably
involves neural elements and at the same time is re-
versible without severe permanent loss of function. Study
of such states is important for understanding the function-
ing of the nervous system. In files, for example, it has
been possible to get important information on nervous
system by studying temperature-induced paralytics like
shibire®®, para™, comatose®, nap(ts)**, stoned™, etc.
Similarly mutants which are easily knocked out, like
bang sensitive, bang senseless®®, easily shocked’’, have
also been of value.

Dissection of the molecular basis of the anaesthetic
state by genetic means was inconceivable until very
recently. The first systematic search for point mutations
that alter response to volatile anaesthetics was initiated
in the laboratory of Howard Nash®. The screen was
facilitated by the study of the behaviour of flies in a
column (inebriometer®; Figure 3) equilibrated with anaes-
thetic concentrations of halothane. Four mutations, which
we now know fall In three complementation groups,
were 1dentified. These mutants, initially isolated as resis-
tant to halothane, later proved to be resistant to some
other anaesthetics as well®® (Table 2). Of the four
mutants isolated, har38 and har8) are recessive, har56
1Is semidominant whereas Har63 is dominant. They also
differ in their anaesthetic response; kar38 is more resis-
tant, followed by har85 and Har63 whercas har56 is
the least resistant (based on population behaviour). It
Is possible that mutants 1solated as resistant to anaes-
thetics could be altered primarily in the metabolism of
these compounds; such pharmacokinetic mutants may
have little value in the understanding of the neural
response to anaesthetics. However, two of these mutants,
har38 and har85, which we now know are allelic
(unpublished results), display abnormal behaviour in the
absence of anaesthetics. The most obvious phenotype
is that these mutants have low viability and the abdomens
of adult flies are more slender and elongated than
wild-type flies. Most Interestingly, the flies perform
péorly in a standard counter-current geotaxis assay. This
is largely because they tend to walk fits and starts,
taking a few steps and then stopping betore starting
again. We have now characterized these mutants
thoroughly on the basis of this abnormal walking beha-
viour and it correlates well with their anaesthetic 1esis-
tance (unpublished results). All the above three trais,
i.e., low viability, abnormal walking bchaviour and
abdominal morphology, map to the same deficiencies
that uncover the anaesthetic-resistant bchaviour, So, it
is clear that the phenotypes of har38 and Aar83 do
not depend solely on pharmacological challenge.
These flies have suffered alterations in physiology,
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Figure 3 a, The ‘“inebriomctes” uwsed for frocuonating Drosephila
resistant to anaesthetics. b, The elution pawtern of flies from the
inebriometer. Flies were grown at 22°C and collected when they were
24-36 h old. The column was equihibrated with a particular concentration
of anaesthetic for 15mun and after that flies, to be checked for
resistance, were Joaded at the top. Fractions were collected after every
2 mun. Flhies which lose postural control first are eluted first, After
30 mm, anaesthetic 1s stopped and the resistant flies are eluted out
with a mild puff of carbon dioxide.
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Table 2. Anacsthetic resistance and har mutants™ 3
and map position of har muiants

har38/85 Har63 har56

g S—— o

Anacsiheng
Chloroform
Tnchloroethylene
Methoxyflurane
Diethyl ether
Enflurane
Isofiurane
Halothane

L1+ + +
$ 4+ |+ 1
+ o+ 1+ +

+

+ Denotes resistance; — denotes sensitivaty.

har38/85 12E2-12E5
Har63 between ct and v*
har56 between v and g*

(Mir and Krishnan, unpublished).

presumably reflecting changes in the neuromuscular
system that render them atypical in their response to
anaesthetics.

It 1s worthwhile mentioning here that a variant (Eth)
obtained several years ago by Japanese workers™ showed
resistance to ether (assayed as mortality rate after 24 h
of exposure to ether). However, the genetics of this
phenotype was intractable’®. Yet another mutation, 9/R,
which was originally isolated as resistant to DDT>,
turned out to be resistant to halothane (Dapkus et al.,
personal communication). Tinkelberg er al.®’ observed
that shaker alleles behave differentially towards anaes-
thetic isoflurane. They showed that SA™" and SK**'* are
resistant 1n the tail flick assay (ability of fly to move
away from a hot spot). However, in the inebriometer
Shaker alleles particularly Sh™' is hypersensitive to
halothane®®, and Sk’ alone is resistant to isoflurane and
enflurane (Krishnan, unpublished observation). In parallel
to the developments in the fly, mutations in the
C. elegans which render the worm sensitive to varous
anaesthetics have been identified. unc-79 and wunc-80
make the worm more sensitive to halothane, whereas
unc-9 suppresses both these mutations®’. However, it
has not been possible to obtain anaesthetic-resistant
mutations in C. elegans. The worm needs long exposures
(~ 2 h) to get immobilized and the concentrations needed
are very high. D. melanogaster has some advantages
over the nematode C. elegans in the study of the
anaesthetic response. More realistic concentrations of
anaesthetics are used (Table 1) and the onset of anaes-
thesia is brief. The interesting feature of the anaesthetic
mutants 1n both the model systems is that these mutants
do not show the same response towards all the anaes-
thetics’® % and even discriminate between isomers of
the same compound® . These studies argue against the
nonspecific action of anaesthetics and explore the pos-
sibility of multiple targets®® %

Genetics as a tool to address the problem of identifying
molecular targets of anaesthetics, is very recent as compared

CURRENT SCIENCE, VOL. 68, NO 12,25 JUNE 1995
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to the history of anaesthesia (summarized below).

History of anaesthesia

il

Year Event

1776 Priestly synthesized nitrous oxide but its
anacsthetic properties became known 20 years
later.

1816 Michael Faraday discovered the anaesthetic
properties of diethyl ether.

1846 First surgery done under ether.

1847 James Simpson introduced chloroform in clinical
practice,

1929 Anaesthetic properties of cyclopropane were
discovered.

1956 Halothane introduced in clinical practice.

———

Only a handful of mutants are available (summarized
below) and hardly anything is known at the molecular
level.

Genetic studies of anaesthesia in Drosophila

froe e

Year Event

1955 Rasmuson®’ isolated ether-sensitive mutant.

1967 Ogaki et al’® showed inheritance of ether
resistance.

1972 Gamo et al. showed inheritance of chloroform
resistance.

1990 Krishnan and Nash?®* isolated halothane-resistant
mutants.

1991 Tinklenberg et al. studied the effect of
anaesthetics on Shaker mutants.

1993 Campbell and Nash™® studied the effect of
anaesthetics on various Agr mutants.

1995 Leibovitch et al.* studied the response of various

channe]l mutants to different anaesthetics.

Molecular cloning of the genes will be a frujtful approach
in simple model systems like Drosophila and this could
be extended, by looking for homologues, to higher
systems.

Conclusion

Many fundamental observations are compatible with the

idea that anaesthetics partition into neuronal membranes. °

As of now, it is unclear as to whether there are
specificities with respect to the various regions of the
brain and whether there are specific macromolecules on
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the cell surface that are primary targets. It is equally
likely that it can be either a single region and a single
target molecule or several regions and multiple target
molecules. A whole lot of compounds are excluded
from the list of anaesthetics, probably due to their
inability to reach appropriate targets because of the
limitations of barriers. The drawback of current strategies
is that they lack a clear approach to identify the cellular
elements of the anaesthetic process. While the importance
of the genetic approach to this problem cannot be
overstated, it promises to be different from other
approaches since here we study the whole animal, avoid-
ing most of the artefacts inherent in other approaches.
Certainly, this approach will provide a serious Input
into 1dentification of the cellular elements involved in
the process of anaesthesia.

Some observations related to anaesthesia

Malignant hyperthermia (MH)

‘It is a covert pharmacogenetic myopathy which incommodes
the sufferer little, if at all, in the normal course of events but,
in response to exposure to general anaesthesia, manifests 1n
the susceptible individual as a life-threatening syndrome of
muscle hypercatabolism and rigor, accompanied by a rapid and
inexorably progressive rise in body temperature to extremes of
the order of 42°C. Suxamethonium (succinyl choline) and
halothane are the two most potent — almost specific — agents for
triggering MH.

The possibility that strains of certain breeds of pigs might
serve as a valid animal model of MH was suggested by the
observation, in lifter mate pigs anaesthetized with halothane,
of muscle rnigor and hyperthermia in response to the injection
of suxamethonium reported by Hall and coworkers (1966);
thereafter, Harison and coworkers (1968) reported the same
reaction but in response to administration of halothane alone.
This MH response in pigs, later identificd with the porcine
stress syndrome, was shown to be heritable, confined to selected
strains of a few breeds (Landrace, Pictrain, Poland, China) and
to mirror the human reaction in every way' (ref. 67).

Malignant diagnosis

“The last thing one needs during an operation is a s¢rious
reaction to general anaesthetics, but for sufferers of the rare
disorder malignant hyperthermia {MI1), the cesulting sudden
paralysis can be fatal if uncheched. Linkage studies have
incnminated the rynodine receptor (RYR!), which controls
releasc of calcium tons in muscle cells, but a putative mutation
has only just been idenuficd. E, F, Gillard e al. (Genonucs,
1991, 11, 751-155) describes a point mutation in the PYR{
gene in affected members of one out of 35 MIH fanulies, which
substitutes an  arginine residue for cysteine. The analogous
mutaton is found in five strains of pigs that suffer the related
porcine stress syndrome. However, the molecular basis of most
MH cases remains to be determined and may pot be confined
to the PYR geae” (ref, 68).
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Hypersensitivity to carbon dioxide

L'Henticr and Tnssier® discovered a form of carbon dioxide
hypersensitivity in Dresopfula that showed an unusual pattemn
of inhentapce. Later on, this phenomenon was linked t{o the
prescnce of a symbuont (virus) in hypersensitive f{lies.
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Magnesium deficiency and the cardiovascular

system

K. Shivakumar

Division of Cellular and Molecular Cardiology, Sree Chutra Tirunal Institute for Medical Sciences & Technology, Trivandrum 695 011, India

Magnesium plays an tmportant role in maintaining
the structural and functional integrity of the cardio-
vascular system. Its influence on cardiac ion chan-
nels has immense clinical implications and is the
subject of several incisive investigations. Magnesium
deficiency may lead to a wide spectrum of vascular
and cardiac complications. This article reviews
evidence that magnesium deficiency promotes hyper-
coagulability of blood, atherogenesis, vasoconstric-
tion, cardiac arrhythmias and cardiac muscle
damage. Mechanisms underlying these effects are
briefly discussed. Further, it is proposed that the myo-
cardial lesions of chronic magnesium deficiency may
result from recurrent episodes of mild ischaemia and
reperfusion and consequent free-radical generation.

ONE of the most abundant cations within mammalian
cells, magnesium (Mg) is an important metabolic cofac-
tor, particularly in transphosphorylation reactions. It has
been known for a long time that more than 300 enzy-~
matic reactions require Mg and that the biosynthetic
repertoire of the cell is critically dependent on it. Mg
also functions as a transmembrane and intracellular
modulator of other ions. However, it was only recently
that the regulatory role of the element has been recog-
nized in the wake of the discovery that intracellular free
Mg, [Mgz"']l, is In the submillimolar range and that sev-
eral intracellular systems have K, values for Mg within
this range'. This opens the possibility that [Mg™),
may vary physiologically and act as a physiological
modulator,

The emergence of Mg as a premicr cardiovascular
cation follows important observations on the cardiovas-
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cular consequences of Mg deficiency which 1s no longer
considered a mere laboratory phenomenon. Under-
standably, there is increasing interest in the cellular and
molecular actions of Mg and their relevance to clinically
recognized cardiovascular events in humans. This re-
view discusses briefly the link between Mg deficiency
and abnormalities in cardiovascular function and exam-
ines the underlying mechanisms.

Incidence of magnesium deficiency

A major problem in assessing the role of Mg status in
the actiology of diseases is the inadequacy of the indica-
tors of Mg status”. As only 1% of the total body Mg is in
the extracellular fluid, the total serum Mg may not re-
flect body stores. It is now amply clear that Mg deple-
tion in tissues can exist despite normal serum Mg
levels?. Cardiac disorders have been described” in cases
with normal serum Mg and lower tissue Mg. Low s¢rum
Mg and normal cellular total Mg content without clinical
signs of Mg deficiency have also been reported. Further,
the reported normal values for serum Mg fall within a
rather broad range, making it hard to know what consti-
tutes an acceptable level. Since <10% of intragellular
free Mg is freely exchangeable or ionizable Mga™, it is
suggesied that this fraction could be a better determinant
of potential consequences of Mg deficiency than either
serum Mg or total cellular Mg*™*, Nuclear magnetic reso-
nance promises a reliable correlation between [Mg), and
diagnostic indices of Mg deficiency, but is not eastly
accessible”.

Be that as it may, a serics of chinical reports in the
carty 1960s helped focus attention on the occurrence of
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