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A Hypothesis on the Origin and Evolution of the
Response to Inhaled Anesthetics
James M. Sonner, MD

In this article, I present an evolutionary explanation for why organisms respond to
inhaled anesthetics. It is conjectured that organisms today respond to inhaled
anesthetics owing to the sensitivity of ion channels to inhaled anesthetics, which in
turn has arisen by common descent from ancestral, anesthetic-sensitive ion
channels in one-celled organisms (i.e., that the response to anesthetics did not arise
as an adaptation of the nervous system, but rather of ion channels that preceded the
origin of multicellularity). This sensitivity may have been refined by continuing
selection at synapses in multicellular organisms.
In particular, it is hypothesized that 1) the beneficial trait that was selected for
in one-celled organisms was the coordinated response of ion channels to compounds that were present in the environment, which influenced the conformational
equilibrium of ion channels; 2) this coordinated response prevented the deleterious
consequences of entry of positive charges into the cell, thereby increasing the
fitness of the organism; and 3) these compounds (which may have included organic
anions, cations, and zwitterions as well as uncharged compounds) mimicked
inhaled anesthetics in that they were interfacially active, and modulated ion
channel function by altering bilayer properties coupled to channel function.
The proposed hypothesis is consistent with known properties of inhaled
anesthetics. In addition, it leads to testable experimental predictions of nonvolatile
compounds having anesthetic-like modulatory effects on ion channels and in
animals, including endogenous compounds that may modulate ion channel
function in health and disease. The latter included metabolites that are increased in
some types of end-stage organ failure, and genetic metabolic diseases. Several of
these predictions have been tested and proved to be correct.
(Anesth Analg 2008;107:849 –54)

“N

othing in biology makes sense, except in the
light of evolution,”1 yet why organisms respond to
inhaled anesthetics has rarely been considered. Two
challenges confront any evolutionary narrative concerning responses to anesthetics. First, evolutionary
narratives describe historical events that cannot be
observed. Therefore, such narratives have value only
if they generate testable hypotheses leading to new
observations beyond those used to develop the narrative. Second, processes that produce anesthesia in
nature should be maladaptive (how does the anesthetized organism protect itself?), but selection favors
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beneficial traits. An evolutionary theory must identify
these beneficial traits.
Several observations indicate that the response to
inhaled anesthetics results from powerful natural selection and is ancient in origin.

Small Population Variability in Anesthetic Responses
Implies Natural Selection
The variability in response to inhaled anesthetics is
small, as reflected in the steepness of anesthetic
concentration-response curves (large Hill numbers)
and small standard deviations in minimum alveolar
anesthetic concentration2 and other anesthetic phenotypes in diverse species.3,4 This differs from the larger
pharmacogenetic variability to many drugs.5– 8 Compared with other drugs, it is also unusual that diverse
molecules, ethers, alkanes, alcohols, ketones, cyclic
and aromatic compounds, and noble gases,9,10 compounds varying in physical properties and by an order
of magnitude in size, all can cause anesthesia.
Phenotypic variability is determined by a balance
between forces, which increase variability, and those,
which decrease variability. For inhaled anesthetics,
this reduces to a balance between mutation, which
increases variability, and natural selection, which decreases variability.11 (Other processes like genetic drift
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[random fluctuations in allele frequencies from generation to generation] and founder effects can affect
population variability, but these stochastic sampling
processes do not have much effect on large populations or over long spans of time.) Accordingly, the
small variability in anesthetic phenotypes results from
natural selection. Selection could occur either directly
as a response to anesthetic-like compounds, or indirectly as a byproduct of selection for another, related
trait. Selection implies that either response increases
fitness, adapts organisms to their environment, and
confers a survival or reproductive advantage.

Ion Channels Respond to Anesthetics as a Result of
Natural Selection
To a reasonable approximation, inhaled anesthetics
enhance inhibitory ion channel function and/or block
excitatory channel function12–14 to produce net depression of the central nervous system. Inhibitory channels
include ␥-amino butyric acid type A (GABAA)15 and
glycine receptors16 and several two-pore domain K
channels17; excitatory channels include neuronal nicotinic acetylcholine18 and N-methyl-d-aspartate (NMDA)
receptors19 and sodium channels.20 Minor exceptions,
such as serotonin 5HT3 receptors,21 and the 1 subtype of
GABAA receptors22 expressed in the retina,23 are not
thought to be important to anesthesia.
This observation is key because nonrandom patterns in biological processes are a hallmark of natural
selection. Anesthetics act on ion channels to reduce or
prevent membrane depolarization, suggesting that ion
channels may be the target on which natural selection
has acted, thereby rendering organisms sensitive to
inhaled anesthetics.

The Response to Anesthetics Probably Arose in
One-Celled Organisms
Inhaled anesthetics reversibly suppress evoked or
spontaneous motor responses in vertebrates,24 invertebrates,24 tactile plants,25 and ciliated protists.26 Assuming common descent, the response to inhaled
anesthetics arose in one-celled organisms. The onecelled organisms A. laidlawii,27,28 E. coli,29 and tetrahymena30,31 alter the composition of their cell membranes
when exposed to volatile anesthetics, suggesting the
biochemical response to inhaled anesthetics originated
in a prokaryote ancestral to these bacteria and protists.
Figure 1 shows that despite the distant common
ancestry between humans and the one-celled eukaryote S. cerevisiae (baker’s yeast), this organism is
affected by halothane at clinical concentrations.

Origin of the Anesthetic State: One-Celled Organisms
Why might such organisms or their ion channels
respond to volatile anesthetics? Table 1 provides a
clue: cationic, anionic, and zwitterionic surfactants
(detergents)32 act like volatile anesthetics on such
channels, as do amino acids,33 ketoacids,34 organic
acids (Y. Weng, PhD, J. Zhao, MD, unpublished data),
850
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Figure 1. The yeast S. cerevisiae are inhibited by halothane in
clinical concentrations. The results of yeast spot tests on agar
plates are shown. This is a semi-quantitative measure of
growth. Wild type homozygous diploid strain BY4743 was
studied. Each column represents a five-fold dilutions in
concentration from the previous column. Halothane concentrations from 0.5% to 5% were investigated. A concurrent
control without halothane is shown for each concentration of
halothane. There is a concentration-dependent inhibition of
growth. Inhibition is observed at clinical concentrations.
Yeast were grown at 26°C in a gas tight chamber through
which halothane flowed continuously. Halothane was delivered via a calibrated vaporizer. Yeast were grown on
standard YPD agar plates, which had been equilibrated to
halothane at the concentration under study for 24 h before
use.

and ammonia.35 Like volatile anesthetics,36,37 surfactants38 and amino acids39,40 are interfacially active
(i.e., accumulate at the boundary between immiscible
condensed phases, such as the bilayer/water interface,
where they alter interfacial properties). Such diverse
interfacially active compounds, which are plausibly
present in the environment, may exert a selective
pressure on microorganisms bearing homologs of
anesthetic-sensitive channels.41– 43 But why selection
for responding to these compounds? Here it is proposed that natural selection solved a chemical problem faced by one-celled organisms in a manner that
led to sensitivity to these compounds, and consequently to volatile anesthetics.
Microorganisms change bilayer composition when
exposed to detergents or volatile anesthetics,27–31 suggesting that they sense and respond to these compounds. Since composition determines many bilayer
physical properties,44 changing bilayer composition
could limit the effect of these compounds on bilayer
properties. Because membrane proteins undergo the
ANESTHESIA & ANALGESIA

Table 1. Volatile Anesthetics, Alcohols and Surfactants Show Similar Modulation of Three Anesthetic-Sensitive Receptors
Effect on currents through
Compound

Type

GABAAR

GlycineR

NMDAR

Isoflurane
Halothane
Ethanol
Octanol
Dodecanol
SOS
OTABR
SDS
DAPS
DTACL

Anesthetic
Anesthetic
Anesthetic alcohol
Surfactant alcohol
Surfactant alcohol
Anionic surfactant
Cationic surfactant
Anionic surfactant
Zwitterionic surfactant
Cationic surfactant

I
I
I
I
I
I
I
I
I
I

I
I
I
I
I
I
I
D
I
I

D
D
D
D
D
D
D
D
I
D

SDS ⫽ sodium dodecyl sulfate; DAPS ⫽ 3-(dodecyldimethylammonio)propanesulfonate; DTACL ⫽ (1dodecyl)trimethylammonium chloride; SOS ⫽ sodium n-octyl sulfate; OTABR ⫽
(1-octyl)trimethylammonium bromide; GABAAR ⫽ ␥-amino butyric acid type A receptor; GlycineR ⫽ Glycine receptor; NMDAR ⫽ N-methyl-D-aspartate receptor.
D indicates a decrease (inhibition) in currents through the receptor.
I indicates an increase (enhancement) in currents through the receptor.
Data for surfactants are from reference (32). Results for isoflurane, halothane, and ethanol are from Refs. 13, 52, 72, 73.

conformational changes that underlie their function
within the bilayer (which affects protein function45),
sensing and maintaining bilayer properties would
assure optimal functioning of membrane proteins.
Successful microorganisms may have benefitted
from two adaptations to changes in bilayer properties
produced by interfacially active compounds encountered in the environment. On a short time scale
(seconds, or less), favored organisms would have ion
channels that prevented the deleterious effects of
entry of positive charges into the cell (e.g., short
circuiting of electrochemical potentials, depolarization
leading to spurious motile responses), by shifting their
conformational equilibria to enhance inhibitory channel function or inhibit excitatory channel function or
both, as inhaled anesthetics do today. On a longer time
scale (minutes), membrane composition changes that
restored bilayer properties to normal might provide
the definitive adaptation.

Selection for Anesthetic Responses in
Multicellular Organisms
Why do multicellular animals respond to inhaled
anesthetics?
Common descent from anesthetic-sensitive channels originating in one-celled organisms and used in
early nervous systems by ancestral multicellular organisms may provide part of the explanation. In
addition, it has been proposed that ion channels at
synapses may confront a situation similar to that of
membrane proteins of microorganisms faced with a
changing chemical environment.46 The synaptic architecture of the nervous system demands intermittent,
high concentrations of neurotransmitters in the synapse. At synapses, it has been hypothesized that in
addition to rapid binding to receptors, there is a
second, slower, membrane-mediated effect of neurotransmitters to which particular receptors must be
adapted. This hypothesis accurately models many
characteristics of deactivation and desensitization for
Vol. 107, No. 3, September 2008

both excitatory and inhibitory channels.46 Like their
peers in single-celled organisms, neuronal ligand-gated
ion channels may be adapted to changes in their chemical environment, in this case produced by neurotransmitters on bilayer properties. A byproduct of this
process is a selective pressure to respond to anesthetics.

Properties of Anesthetics
These ideas are consistent with known properties of
inhaled anesthetics:
Additivity
Bilayer-mediated theories of anesthesia predict anesthetic additivity47 where one anesthetic molecule
simply replaces another in the bilayer, at concentrations far below saturation of the bilayer.
Sensitivity of Nonneural Proteins to Anesthetics
Membrane proteins important to fitness (not just
channels) should be sensitive to inhaled anesthetics.
Supporting this hypothesis, inhaled anesthetics affect
energy production, including photosynthesis,48 electron
transport,49 and the function of bacteriorhodopsin.50
Sensitivity of Ligand-Gated Ion Channels
to Anesthetics
Inhaled anesthetics more readily depress synaptic
transmission than axonal conduction,51 perhaps because
receptors at synapses operate in a milieu of fluctuating
concentrations of neurotransmitters providing a selective pressure for anesthesia,46 which is absent for voltage
gated channels that are not at synapses.
Location of Mutations
Receptor mutations affecting anesthetic sensitivity
lie in transmembrane domains where they can interact
with the bilayer.52
Forward Genetics
Many ion channels should be affected by the
bilayer-mediated actions of inhaled anesthetics, perhaps
© 2008 International Anesthesia Research Society
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explaining why modulators affecting the function of
multiple channels are found in forward genetic
screens.53

Predictions
Theories are made to fit existing data, but their
value lies in the new predictions they make. What new
predictions do these ideas make, which can be compared with predictions made by other theories?
Metabolic Diseases that Cause “Anesthesia”
Ion channels are exposed to high concentrations of
nonvolatile metabolites (e.g., ammonium ions, amino
acids, ketoacids), which can cross the blood/brain
barrier, in several diseases which produce ”anesthesia” [e.g., coma in liver failure,54,55 kidney failure,56
diabetic ketoacidosis57]. Clearance of these metabolites by transplantation, dialysis, or insulin administration reverses the “anesthesia.”
Anesthesia from metabolites puts organisms at risk
and should be selected against. That organisms respond to endogenous compounds in a deleterious
manner is evidence of positive selection for some
other beneficial trait, such as the adaptation to neurotransmitters, discussed above. Sickle cell trait provides
a parallel example. This is a harmful blood disorder
selected for because it protects against the malaria
parasite.
Neurotransmitter Corelease
Two neurotransmitters are coreleased from the
same vesicle at various synapses.58,59 If neurotransmitters modulate bilayer properties that influence channel function, organisms may use corelease of a second
neurotransmitter to modulate the function of the native neurotransmitter. Consistent with this prediction,
GABA enhances glycine receptor function, acetylcholine inhibits NMDA receptor function,35 and a glycine
receptor mutation (␣1 S267I) that decreases sensitivity
to alcohols and volatile anesthetics,52 also decreases
sensitivity to GABA.33

Ion Channels in One-Celled Organisms
Ion channels in one-celled organisms that are related to mammalian anesthetic-sensitive channels are
predicted to be sensitive to inhaled anesthetics.

What About Volatile Anesthetics as Ligands?
A current view holds that volatile anesthetics bind
to sites on proteins. In some theories, these sites are
postulated to occur at random, and in others they are
not. Because natural selection cannot act on random
processes, theories that posit random binding sites
must make the assumption that, unlike other traits,
natural selection does not shape the response of
organisms to anesthetics. Of these theories it might be
asked, What anesthetic-like compounds do these theories predict, based on knowledge of these binding
sites? In theories where the postulated sites do not
occur at random, several other questions about these
852
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sites deserve attention: What is the selective pressure
for the binding sites? Are there endogenous ligands
for these sites (other than water, which nonspecifically
and ubiquitously solvates surfaces of proteins in contact with water)? Why are there no conserved binding
sites among diverse anesthetic-sensitive proteins?
The apparent absence of conserved sites on diverse
ion channels suggests a reexamination of evidence for
binding models may be in order. The following analysis of four lines of evidence cited to support these
models is offered as an example.
1. The weak stereoselective actions of inhaled anesthetics in animals60,61 and on ion channels62,63
is said to indicate inhaled anesthetics bind to
proteins. However, this finding is as consistent
with a bilayer as with a protein site of action,
because cholesterol and phospholipids are chiral.
A single study claimed to show otherwise, by
demonstrating that isoflurane’s enantiomers did
not act stereoselectively with artificial bilayers,64
but this study was flawed. It used an unvalidated method for measuring stereoselectivity.
No control, in this or other studies, demonstrated that their method could detect chiral
interactions of isoflurane with any molecule.
More seriously, the investigation assumed that
equal concentrations of enantiomers in a bilayer
would have equal functional effects. This assumption is incorrect, as a counter example
proves: equal concentrations of cholesterol enantiomers have different effects on bilayer properties.65 No control with isoflurane’s enantiomers
has been performed.
2. High resolution x-ray diffraction crystal structures have been obtained for anesthetics bound
to soluble proteins (e.g., albumin, firefly luciferase), which are not related to any anestheticsensitive ion channel and are not themselves
involved in the neural effects of anesthetics.66
These soluble proteins are used as models for
anesthetic action because atomic-scale structures
are known for them. However, a recent search
for common binding motifs in several of these
structures found merely “polar and nonpolar
interactions within an amphiphilic binding cavity.”66 These general physical characteristics of
anesthetics have long been known from other
measurements, such as partition coefficients.47 In
contrast to x-ray crystal structures of drug binding to other proteins,67 it would appear that
x-ray crystal structures of anesthetic binding to
these soluble proteins do not provide new physical insights or predict new anesthetics. This calls
into question the hypothesis that these proteins
can model the anesthetic site of action.
3. Anesthetics competitively inhibit the enzyme
firefly luciferase.68 A recent investigation shows
why the x-ray crystal structure of this enzyme69
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does not provide the anticipated atomic-scale
general understanding of anesthetic binding described above: anesthetics affect the global motion of the protein in a manner that reduces
enzyme function, giving the appearance of competitive inhibition.70
4. Amino acids in a receptor’s putative anesthetic
binding site have been chemically modified to
resemble covalent linkage of anesthetic to the
amino acid.71 Permanent anesthetic-like modulation of receptor function was reported. This was
attributed to permanent occupancy of a specific
anesthetic binding site. However, it cannot be
over-stressed that in order to interpret these
results as specific binding, a control excluding
nonspecific effects is essential. If linking a compound that is not an anesthetic to this site
showed anesthetic-like modulation of channel
function, then no conclusion about anesthetic
binding would be possible. The results would
simply show that changes in channel structure
affect channel function. This control has never
been done.

CONCLUSIONS
A narrative for the origin and evolution of the
response to inhaled anesthetics is proposed. It is
hypothesized that the capacity to respond to inhaled
anesthetics arose in one-celled organisms, as an
adaptation of ion channels to changing environmental conditions which perturbed bilayer properties
coupled to channel function. Several hypotheses flowing from this model have led to predictions and to
experiments supporting the model. In particular, nonvolatile compounds having anesthetic-like modulatory effects on ion channels and in animals, including
that of endogenous compounds that may modulate
ion channel function in health and disease, have been
identified.
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