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Ke y Points
1 The components of the anesthetic state include unconsciousness,
amnesia, analgesia, immobility, and attenuation of autonomic
responses to noxious stimulation.
2 Minimum alveolar concentration (MAC) remains the most
robust measurement and the standard for determining the
potency of volatile anesthetics.
3 Direct interactions of anesthetic molecules with proteins
both satisfy the Meyer-Overton rule and provide the
simplest explanation for compounds that deviate from this
rule.
4 Current evidence strongly indicates protein rather than lipid as
the molecular target for anesthetic action.
5 While current data still support the prevailing view that neuronal
excitability is only slightly affected by general anesthetics, this
small effect may nevertheless contribute signiicantly to the
clinical actions of volatile anesthetics.
6 The synapse is generally thought to be the most likely relevant
site of anesthetic action. Existing evidence indicates that even
at this one site, anesthetics produce various effects, including
presynaptic inhibition of neurotransmitter release, inhibition
of excitatory neurotransmitter effect, and enhancement of
inhibitory neurotransmitter effect. Furthermore, the effects of
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anesthetics on synaptic function differ among various anesthetic
agents, neurotransmitters, and neuronal preparations.
Existing evidence suggests that most voltage-dependent
calcium channels (VDCCs) are modestly sensitive or insensitive
to anesthetics. However, some sodium channel subtypes
are inhibited by volatile anesthetics and this effect may be
responsible in part for a reduction in neurotransmitter release
at some synapses.
Activation of background K+ channels in mammalian
vertebrates could be an important and general mechanism
through which inhalational and gaseous anesthetics regulate
neuronal resting membrane potential and thereby excitability.
Hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels are a recently discovered channel type inhibited by
both volatile anesthetics and some intravenous anesthetics at
clinical concentrations and could be a relevant anesthetic target.
A large body of evidence shows that clinical concentrations
of many anesthetics potentiate γ-aminobutyric acid (GABA)activated currents in the central nervous system (CNS).
Other members of the ligand-activated ion channel family,
including glycine receptors, neuronal nicotinic receptors, and
5-hydroxytryptamine (5-HT3) receptors, are also affected by
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clinical concentrations of anesthetics and remain plausible
anesthetic targets.
11 Genetic experiments in mice provide deinitive evidence for a
role of speciic GABAA receptor channels, two-pore potassium
channels, and HCN1 channels in particular anesthetic
behavioral effects. Genetically engineered mice also show that
distinct anesthetic targets mediate different anesthetic end
points and that not all anesthetics have the same targets.
12 While anesthetic action to produce immobility occurs largely
at the spinal cord, speciic molecular targets for amnesia lie in
the hippocampus.

13 Anesthetic-induced unconsciousness can be viewed as
impairment of both arousal and awareness. These actions are
mediated by targets distributed across the brainstem, thalamus,
and cerebral cortex.
14 Anesthetic ablation of arousal relies on disruption of redundant
subcortical systems that regulate sleep and patterns of cortical
activity.
15 Anesthetics alter the interaction of cortical networks responsible
for cognitive functions and may thereby alter awareness
by limiting the capacity to both represent and integrate
information.

Mult imedia
1 Meyer-Overton Rule

The introduction of general anesthetics into clinical practice
over 150 years ago stands as one of the seminal innovations of
medicine. This single discovery facilitated the development of
modern surgery and spawned the specialty of anesthesiology.
Despite the importance of general anesthetics and despite more
than 100 years of active research, the molecular mechanisms
responsible for anesthetic action remain one of the unsolved
mysteries of science.
Why have mechanisms of anesthesia been so dificult to elucidate? Anesthetics, as a class of drugs, are challenging to study for
three major reasons:

4. How are the molecular and cellular effects of anesthetics
linked to the behavioral effects of anesthetics observed in
vivo?
5. What are the major anatomic sites of anesthetic action in the
CNS and how do anesthetics interfere with their interactions?

What is anesthesia?

General anesthesia can be broadly deined as a drug-induced
1. Anesthesia, by deinition, is a change in the responses of an
reversible depression of the CNS resulting in the loss of response
intact animal to external stimuli. Making a deinitive link
to and perception of all external stimuli. Unfortunately, such a
between anesthetic effects observed in vitro and the anesbroad deinition is inadequate for two reasons. First, the deithetic state observed and deined in vivo has proven dificult.
nition is not actually broad enough. Anesthesia is not simply a
2. No structure–activity relationships are apparent among
deafferented state; amnesia and unconsciousness are important
anesthetics; a wide variety of structurally unrelated comaspects of the anesthetic state. Second, the deinition is too broad,
pounds, ranging from steroids to elemental xenon, are capaas all general anesthetics do not produce equal depression of all
ble of producing clinical anesthesia. This suggests that there
sensory modalities. For example, barbiturates are considered to
are multiple molecular mechanisms that can produce clinical
be anesthetics, but they are not particularly effective analgesics.
anesthesia.
These conlicting problems with the deinition can be bypassed by
3. Anesthetics work at very high concentrations in comparison
a more practical description of the anesthetic state as a collection
to drugs, neurotransmitters, and hormones that act at speciic 1 of “component” changes in behavior or perception. The comporeceptors. This implies that if anesthetics do act by binding to
nents of the anesthetic state include unconsciousness, amnesia,
speciic receptor sites, they must bind with very low afinity
analgesia, immobility, and attenuation of autonomic responses
and probably stay bound to the receptor for very short perito noxious stimulation.
ods of time. Low-afinity binding is much more dificult to
Regardless of which deinition of anesthesia is used, rapid and
observe and characterize than high-afinity binding.
reversible drug-induced changes in behavior or perception are
essential to anesthesia. As such, anesthesia can only be deined
Despite these dificulties, molecular and genetic tools are now
and measured in the intact organism. Changes in behavior such
available that should allow for major insights into anesthetic
as unconsciousness or amnesia can be intuitively understood in
mechanisms in the next decade. The aim of this chapter is to
higher organisms such as mammals, but become increasingly difprovide a conceptual framework for the reader to catalog current
icult to deine as one descends the phylogenetic tree. Thus, while
knowledge and integrate future developments about mechanisms
anesthetics have effects on organisms ranging from worms to
of anesthesia. Five speciic questions will be addressed in this
man, it is dificult to map with certainty the effects of anesthetics
chapter:
observed in lower organisms to any of our behavioral deinitions of
anesthesia. This contributes to the dificulty of using simple organ1. What is anesthesia and how do we measure it?
isms as models in which to study the molecular mechanisms of
2. What are the molecular targets of anesthetics?
anesthesia. Similarly, any cellular or molecular effects of anesthet3. What are the cellular neurophysiologic mechanisms of anesics observed in higher organisms can be extremely dificult to link
thesia (e.g., effects on synaptic function vs. effects on action
with the constellation of behaviors that constitute the anesthetic
potential generation) and what anesthetic effects on ion chanstate. The absence of a simple and concise deinition of anesthesia
nels and other neuronal proteins underlie these mechanisms?
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prevent response to a noxious stimulus in 50% of subjects; this
has clearly been one of the stumbling blocks to elucidating the
value has been estimated for several parenteral anesthetics.7 A
mechanisms of anesthesia at a molecular and cellular level. Precise
third limitation of MAC is that it is highly dependent on the anesdeinitions for each of the component behaviors of the anesthetic
thetic end point used to deine it. For example, if loss of response
state will be an important tool in dissecting the molecular and
to a verbal command is used as an anesthetic end point, the MAC
cellular mechanisms of each of the clinically important effects of
values obtained (MACawake) will be much lower than classic MAC
anesthetic agents.
values based on response to a noxious stimulus. Indeed, each
An additional dificulty in deining anesthesia is that our
behavioral component of the anesthetic state will likely have a
understanding of the mechanisms of consciousness is rather
amorphous at present. One cannot easily deine anesthesia when 2 different MAC value. Despite its limitations, MAC remains the
most robust measurement and the standard for determining the
the neurobiologic phenomena ablated by anesthesia are not well
potency of volatile anesthetics.
understood. As discussed later in this chapter, the neural subBecause of the limitations of MAC, monitors that measure
strates for consciousness are beginning to be unraveled1 and new
some correlate of anesthetic depth have been introduced into
theories2 have incorporated this new anatomic knowledge leading
clinical practice.8 The most popular of these monitors converts
to identiication of surrogate physiologic markers of consciousspontaneous electroencephalogram (EEG) waveforms into a sinness.3 These new insights into mechanisms of consciousness are
gle value that correlates with anesthetic depth for some general
discussed in the section Where in the Central Nervous System Do
anesthetics. To date, these monitors have not been shown to be
Anesthetics Work?
more effective at preventing awareness during anesthesia than
Finally, it has long been assumed that anesthesia is a state that
simply maintaining an adequate end-tidal anesthetic concentrais achieved when an anesthetic agent reaches a speciic concention9,10 or giving a standard dose of intravenous anesthetic. Nonetration at its effect site in brain and that if tolerance to the anestheless it is logical to think that different individuals may have difthetic develops, increasing concentrations of anesthetic might be
ferent sensitivities to anesthetics and that measuring a surrogate
required to maintain a constant level of anesthesia during proend point such as a processed EEG value,11 an evoked potential,12
longed anesthetic administration. The recent inding that it takes
or a functional neuroimaging signal indicative of integrated cortia higher anesthetic brain concentration to induce anesthesia than
cal activity1 might be a better indicator of anesthetic depth than
to maintain anesthesia (i.e., emergence occurs at a signiicantly
merely measuring delivered concentration.
lower concentration than induction) contradicts these assumptions.4 This phenomenon, referred to as neural inertia, adds a
wrinkle to the deinition of anesthesia and suggests that the mechanisms of anesthetic induction and emergence may be different.

What is the CheMiCal nature of
the anesthetiC target sites?

hoW is anesthesia Measured?
The Meyer–Overton Rule
In order to study the pharmacology of anesthetic action, quanti13
14
tative measurements of anesthetic potency are absolutely essen- 1 More than 100 years ago, Meyer and Overton independently
observed that the potency of gases as anesthetics was strongly cortial. To this end, Quasha and colleagues5 have deined the concept
related with their solubility in olive oil (Fig. 5-1). Since a wide
of MAC. MAC is deined as the alveolar partial pressure of a gas
variety of structurally unrelated compounds obey the Meyer–
at which 50% of humans do not respond to a surgical incision. In
Overton rule, it has been reasoned that all anesthetics are likely
animals, MAC is deined as the alveolar partial pressure of a gas
to act at the same molecular site. This idea is referred to as the
at which 50% of animals do not respond to a noxious stimulus,
unitary theory of anesthesia. It has also been argued that since
such as tail clamp,6 or at which they lose their righting relex. The
solubility in a speciic solvent strongly correlates with anesthetic
use of MAC as a measure of anesthetic potency has two major
potency, the solvent showing the strongest correlation between
advantages. First, it is an extremely reproducible measurement
anesthetic solubility and potency is likely to most closely mimic
that is remarkably constant over a wide range of species.5 Second,
the chemical and physical properties of the anesthetic target site
the use of end-tidal gas concentration provides an index of the
in the CNS. On the basis of this reasoning, the anesthetic target
“free” concentration of drug required to produce anesthesia since
site was assumed to be hydrophobic in nature. Since olive oil/
the end-tidal gas concentration is in equilibrium with the free
gas partition coeficients can be determined for gases and volaconcentration in plasma. The MAC concept has several importile liquids, but not for liquid anesthetics, attempts have been
tant limitations, particularly when trying to relate MAC values
made to correlate anesthetic potency with solvent/water partition
to anesthetic potency observed in vitro. First, the end point in a
coeficients. To date, the octanol/water partition coeficient best
MAC determination is quantal: A subject is either anesthetized or
correlates with anesthetic potency. This correlation holds for a
unanesthetized; it cannot be partially anesthetized. Furthermore,
variety of classes of anesthetics and spans a 10,000-fold range of
MAC represents the average response of a whole population of
anesthetic potencies.15 The properties of the solvent octanol sugsubjects rather than the response of a single subject. The quangest that the anesthetic site is likely to be amphipathic, having
tal nature of the MAC measurement makes it very dificult to
both polar and nonpolar characteristics.
compare MAC measurements to concentration–response curves
obtained in vitro, where the graded response of a single preparation is measured as a function of anesthetic concentration. The
Exceptions to the Meyer–Overton Rule
second limitation of MAC measurements is that they can only be
directly applied to anesthetic gases. Parenteral anesthetics (barCompounds exist that are structurally similar to halogenated
biturates, neurosteroids, propofol) cannot be assigned a MAC
anesthetics,16 barbiturates,17 and neurosteroids,18 yet are convulvalue, making it dificult to compare the potency of parenteral
sants rather than anesthetics. On the basis of olive oil/gas parand volatile anesthetics. A MAC equivalent for parental anesthettition coeficients of the halogenated convulsant compounds,
ics is the free concentration of the drug in plasma required to
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figure 5-1. The Meyer–Overton rule. There is a linear relationship (on
a log–log scale) between the oil/gas partition coefficient and the anesthetic potency (MAC) of a number of gases. The correlation between lipid solubility and MAC extends over a 70,000-fold difference in anesthetic
potency. (Reproduced with permission from Tanfiuji Y, Eger EI, Terrell RC.
Some characteristics of an exceptionally potent inhaled anesthetic: thiomethoxyflurane. Anesth Analg. 1977;56:387.)

anesthesia should have been achieved within the range of concentrations studied.19 Halogenated compounds have also been
identiied that are neither anesthetic nor convulsant despite
oil/gas partition coeficients that would predict they should be
anesthetics.19 Interestingly, some of these polyhalogenated compounds do produce amnesia in animals20 and are thus referred to
as non-immobilizers rather than as non-anesthetics. Finally, polyhalogenated alkanes, referred to as transitional compounds, have
been identiied that anesthetize mice, but only at concentrations
10 times those predicted by their oil/gas partition coeficients.19
In several homologous series of anesthetics, anesthetic potency
increases with increasing chain length until a certain critical chain
length is reached. Beyond this critical chain length, compounds
are unable to produce anesthesia, even at the highest attainable
concentrations. In the series of n-alkanols, for example, anesthetic potency increases from methanol through dodecanol; all
longer alkanols are unable to produce anesthesia.21 This phenomenon is referred to as the cutoff effect. Cutoff effects have been
described for several homologous series of anesthetics including
n-alkanes, n-alkanols, cycloalkanemethanols,22 and perluoroalkanes.23 While the anesthetic potency in each of these homologous series of anesthetics shows a cutoff, a corresponding cutoff
in octanol/water or oil/gas partition coeficients has not been
demonstrated. Therefore, compounds above the cutoff represent
a deviation from the Meyer–Overton rule.
A inal deviation from the Meyer–Overton rule is the observation that enantiomers of anesthetics differ in their potency as
anesthetics. Enantiomers (mirror-image compounds) are a class
of stereoisomers that have identical physical properties, including
identical solubility in solvents such as octanol or olive oil. Animal
studies of barbiturate anesthetics,24,25 ketamine,26 neurosteroids,27

etomidate,28 and isolurane29 all show enantioselective differences
in anesthetic potency. These differences in potency range in magnitude from a more than 10-fold difference between the enantiomers of etomidate or the neurosteroids to a 60% difference
between the enantiomers of isolurane. It is argued that a major
difference in anesthetic potency between a pair of enantiomers
can only be explained by a protein-binding site (see Protein Theories of Anesthesia); this appears to be the case for etomidate and
the neurosteroids.
The exceptions to the Meyer–Overton rule do not obviate the
importance of the rule. They do, however, indicate that the properties of a solvent such as octanol describe some, but not all, of the
properties of an anesthetic-binding site. Compounds that deviate
from the Meyer–Overton rule suggest that anesthetic target site(s)
are also deined by other properties including size and shape.
In deining the molecular target(s) of anesthetic molecules,
one must be able to account both for the Meyer–Overton rule
and for the well-deined exceptions to this rule. It has sometimes
been suggested that a correct molecular mechanism of anesthesia should also be able to account for pressure reversal. Pressure
reversal is a phenomenon whereby the concentration of a given
anesthetic needed to produce anesthesia is greatly increased if the
anesthetic is administered to an animal under hyperbaric conditions. The idea that pressure reversal is a useful tool for elucidating mechanisms of anesthesia is based on the assumption
that pressure reverses the speciic physicochemical actions of the
anesthetic that are responsible for producing anesthesia; that is to
say, pressure and anesthetics act on the same molecular targets.
However, evidence suggests that pressure reverses anesthesia by
producing excitation that physiologically counteracts anesthetic
depression, rather than by acting as an anesthetic antagonist at
the anesthetic site of action.30 Therefore, in the ensuing discussion of molecular targets of anesthesia, pressure reversal will not
be further mentioned.

lipid versus Protein Targets
Anesthetics might interact with several possible molecular targets
to produce their effects on the function of ion channels and other
proteins. Anesthetics might dissolve in the lipid bilayer, causing
physicochemical changes in membrane structure that alter the
ability of embedded membrane proteins to undergo conformational changes important for their function. Alternatively, anesthetics could bind directly to proteins (either ion channel proteins
or modulatory proteins), thus either1 interfering with binding of
a ligand (e.g., a neurotransmitter, a substrate, a second messenger molecule) or2 altering the ability of the protein to undergo
conformational changes important for its function. The following
section summarizes the arguments for and against lipid theories
and protein theories of anesthesia.

lipid Theories of Anesthesia
In its simplest incarnation, the lipid theory of anesthesia postulates
that anesthetics dissolve in the lipid bilayers of biologic membranes
and produce anesthesia when they reach a critical concentration in
the membrane. Consistent with this hypothesis, the membrane/
gas partition coeficients of anesthetic gases in pure lipid bilayers
correlate strongly with anesthetic potency.31 Also, consistent with
the lipid theories, various membrane perturbations are produced
by general anesthetics; however, the magnitude of these changes
produced by clinical concentrations of anesthetics are quite small
and are thought to be very unlikely to disrupt nervous system

function.32 While some of the more sophisticated lipid theories
can account for the cutoff effect and for the ineffectiveness of nonimmobilizers, no lipid theory can plausibly explain all anesthetic
pharmacology. Thus, most investigators do not consider lipids as
the most likely target of general anesthetics.

Protein Theories of Anesthesia
The Meyer–Overton rule could also be explained by the direct
interaction of anesthetics with hydrophobic sites on proteins.
Three types of hydrophobic sites on proteins might interact with
anesthetics:
1. Hydrophobic amino acids comprise the core of water-soluble
proteins. Anesthetics could bind in hydrophobic pockets that
are fortuitously present in the protein core.
2. Hydrophobic amino acids also form the lining of binding
sites for hydrophobic ligands. For example, there are hydrophobic pockets in which fatty acids tightly bind on proteins
such as albumin and the low-molecular-weight fatty acid–
binding proteins. Anesthetics could compete with endogenous ligands for binding to such sites on either water-soluble
or membrane proteins.
3. Hydrophobic amino acids are major constituents of the
α-helices, which form the membrane-spanning regions of
membrane proteins; hydrophobic amino acid side chains
form the protein surface that faces the membrane lipid. Anesthetic molecules could interact with pockets formed between
the α-helices or with the hydrophobic surface of these membrane proteins, disrupting normal lipid–protein interactions
and possibly directly affecting protein conformation.
3

Direct interaction of anesthetic molecules with proteins not
only satisies the Meyer–Overton rule, but would also provide
the simplest explanation for compounds that deviate from this
rule. Any protein-binding site is likely to be deined by properties such as size and shape in addition to its solvent properties.
Limitations in size and shape could reduce the binding afinity
of compounds beyond the cutoff, thus explaining their lack of
anesthetic effect. Enantioselectivity is also most easily explained
by a direct binding of anesthetic molecules to deined sites on
proteins; a protein-binding site of deined dimensions could
readily distinguish between enantiomers on the basis of their
different shapes. Protein-binding sites for anesthetics could also
explain the convulsant effects of some polyhalogenated alkanes.
Different compounds binding (in slightly different ways) to
the same binding pocket can produce different effects on protein conformation and hence on protein function. For example,
polyhalogenated alkanes (non-immobilizers) could be inverse
agonists, binding at the same protein sites at which halogenated
alkane anesthetics are agonists. The evidence for direct interactions between anesthetics and proteins is briely reviewed in the
following section.

Evidence for Anesthetic Binding to Proteins
A breakthrough in protein theories of anesthesia was the demonstration that a puriied water-soluble protein, irely luciferase, could be inhibited by general anesthetics. This provided the
important proof of principle that anesthetics could bind to proteins in the absence of membranes. Numerous studies have extensively characterized the anesthetic inhibition of irely luciferase
activity and have shown that inhibition occurs at concentrations
very similar to those required to produce clinical anesthesia, is
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consistent with the Meyer–Overton rule, is competitive with
respect to the substrate d-luciferin, and exhibits a cutoff in
anesthetic potency for both n-alkanes and n-alkanols.33,34 These
data suggest that the luciferin-binding pocket may have physical and chemical characteristics similar to those of a putative
anesthetic-binding site in the CNS. To address proteins more relevant to anesthetic effects on the nervous system, numerous studies
have employed site-directed mutagenesis of anesthetic-sensitive
ion channels to identify amino acid residues that are crucial to
anesthetic action. While the residues identiied in these studies
may contribute to anesthetic-binding sites, they may alternatively
be sites that are essential for anesthetic-induced conformational
changes in the protein. The literature on site-directed mutagenesis studies to identify putative anesthetic-binding sites on ion
channels is extensively reviewed in the section Anesthetic Actions
on Ion Channels.
More direct approaches to study anesthetic binding to proteins have included NMR spectroscopy and photoafinity labeling. Early studies using 19F-NMR spectroscopy demonstrated that
isolurane binds to the fatty acid–binding sites on bovine serum
albumin (BSA) and that binding is competitively inhibited by
halothane, methoxylurane, sevolurane, and octanol.35,36 Using
this BSA model, it was subsequently shown that anesthetic-binding sites could be identiied and characterized using photoafinity labeling with 14C-labeled halothane.37,38 Photoafinity-labeling
reagents have subsequently been developed for a variety of anesthetics including etomidate, propofol,39,40 and neurosteroids and
are a useful tool to validate results obtained using site-directed
mutagenesis as well as to identify novel binding sites.
The most extensive photolabeling studies have used etomidate analogue photolabeling reagents to identify etomidatebinding sites on puriied GABAA receptors. An initial study used
azietomidate, a photolabeling reagent that preferentially labels
nucleophilic amino acids, to photolabel-puriied GABAA receptors from bovine brain.41 This study identiied two methionine
residues that were sites of attachment for azi-etomidate: One
site on the TM1 helix (Met-236) of the α1 subunit and the other
(Met-286) on the TM3 helix of the β3 subunit. These data suggest
an etomidate-binding pocket in the transmembrane domain at
the interface between the α1 and β3 subunits. A subsequent study
using TDBzl-etomidate, a photolabeling reagent with broader
amino acid side chain reactivity, identiied additional amino acids
that conirmed and further deined this inter-subunit–binding
site.42 The combined results of site-directed mutagenesis studies and photoafinity-labeling studies identiied a speciic, functionally relevant binding site for etomidate on GABAA receptors, deinitively refuting lipid theories of anesthetic action.
Photoafinity-labeling studies with other anesthetic agents should
provide similar levels of detail regarding anesthetic-binding sites
on protein targets.
Although NMR and photoafinity techniques can provide
extensive information about anesthetic-binding sites on proteins,
they cannot reveal the details of the three-dimensional structure of these sites. X-ray diffraction crystallography can provide
this kind of three-dimensional detail and has been used to study
anesthetic interactions with a small number of proteins. Firely
luciferase has been crystallized in the presence and absence of
the anesthetic bromoform, conirming that anesthetics bind in
the d-luciferin–binding pocket.43 The irely luciferase data demonstrate that anesthetics can bind to endogenous ligand–binding sites and that this binding strongly correlates with anesthetic
inhibition of protein function. Human serum albumin has also
been crystallized in the presence of either propofol or halothane,
demonstrating binding of both anesthetics to preformed fatty
acid–binding pockets. While these data provide insight into
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the structure of anesthetic-binding sites, x-ray crystallographic
studies of anesthetic-binding sites on biologically relevant targets such as ion channels have been hampered by dificulties with
crystallizing membrane proteins. Recently, a bacterial homolog of
the ligand-gated ion channels, GLIC, has been crystallized and its
crystal structure has been solved.44 GLIC has been shown to be
sensitive to clinical concentrations of anesthetics and the crystal
structure of GLIC complexed with either deslurane or propofol
has been solved.45 These data reveal a preformed binding cavity in the interface between the transmembrane domains of each
subunit of the ion channel. This landmark study opens the way to
deine the precise dimensions and location of anesthetic-binding
pockets on their target proteins.

action potentials from the cell body to their nerve terminals is
called its excitability. Intrinsic neuronal excitability is chiely determined by three parameters: The resting membrane potential, the
threshold potential for action potential generation, and the size/
propagation of the action potential. Anesthetics can hyperpolarize
(create a more negative resting membrane potential) both spinal
motor neurons and cortical neurons,46,47 and this ability to hyperpolarize neurons correlates with anesthetic potency. In general, the
hyperpolarization produced by anesthetics is small in magnitude
and is unlikely to alter propagation of an action potential down an
axon. Small changes in resting potential may, however, inhibit the
initiation of an action potential generated in response to synaptic excitation or in a spontaneously iring neuron. Indeed, isolurane has been shown to hyperpolarize thalamic neurons, leading
to an inhibition of tonic iring of action potentials.48 Anesthetics
have not been shown to alter reliably the threshold potential of
Summary
a neuron for action potential generation. However, the data are
conlicting on whether the size of the action potential, once initiEvidence from studies using water-soluble proteins demonstrates
ated, is diminished by general anesthetics. A classic article by Larthat anesthetics can bind to hydrophobic pockets on proteins and
rabee and Posternak49 demonstrated that concentrations of ether
that anesthetic–protein interactions can account for the Meyer–
and
chloroform that completely block synaptic transmission in
Overton rule and deviations from it. Photoafinity-labeling studmammalian sympathetic ganglia have no effect on the presynapies demonstrate that etomidate binds to a pocket in the interface
tic action potential amplitude. Similar results have been obtained
between the α1 and β3 subunits of the GABAA receptor. Mutagenwith luorinated volatile anesthetics in mammalian brain preparaesis of amino acids within this etomidate-binding pocket elimitions.50,51 This dogma that the action potential is relatively resisnates the anesthetic effect of etomidate, providing unequivocal
tant to general anesthetics has been challenged by more recent
evidence that anesthetic action can be mediated by binding to a
reports that volatile anesthetics at clinical concentrations produce
speciic protein site. Finally, recent x-ray crystallographic studies
a small but signiicant reduction in the size of the action potential
using the bacterial ion channel GLIC provide the irst glimpse of
in mammalian neurons.52,53 At a large synapse, amenable to direct
4 the three-dimensional structure of an anesthetic-binding site on
measurement of the action potential and transmitter release in the
a relevant protein model. While the long-standing controversy
same neuron, the slightly smaller action potential was shown to
between lipid and protein theories of anesthesia may be behind
produce a substantial reduction in transmitter release due to the
us, numerous unanswered questions remain about the details of
5 exponential relationship between the two.53 Thus, while current
anesthetic–protein interactions, including:
data still support the prevailing view that neuronal excitability is
1. What is the stoichiometry of anesthetic binding to a protein
only slightly affected by general anesthetics, this small effect may
(i.e., do many anesthetic molecules interact with a single pronevertheless contribute signiicantly to the clinical actions of volatein molecule or only a few)?
tile anesthetics.
2. Do anesthetics compete with endogenous ligands for binding
to hydrophobic pockets on protein targets or do they bind to
fortuitous cavities in the protein?
Synaptic Transmission
3. Do all anesthetics bind to the same pocket on a protein or are
there multiple hydrophobic pockets for different anesthetics?
Synaptic transmission is widely considered to be the most likely
4. How many proteins have hydrophobic pockets in which
subcellular site of general anesthetic action. Neurotransmisanesthetics can bind at clinically used concentrations?
sion across both excitatory and inhibitory synapses is markedly

hoW do anesthetiCs interfere
With the eleCtrophysiologiC
funCtion of the nervous systeM?
The functional unit of the CNS is the neuron and ultimately general anesthetics must disrupt the function of neurons’ mediating
behavior, consciousness, and memory. In the simplest terms,
anesthetics could accomplish this by altering the intrinsic iring
rate of individual neurons, termed neuronal excitability, and/or
by altering communication between neurons, generally occurring
via synaptic transmission.

Neuronal Excitability
Neurons transmit information down their axons through action
potentials. The propensity of a neuron to generate and propagate

6 altered by general anesthetics. General anesthetics inhibit excitatory synaptic transmission in a variety of preparations, including sympathetic ganglia,49 olfactory cortex,50 hippocampus,51
and spinal cord.54 However, not all excitatory synapses appear
to be equally sensitive to anesthetics; indeed, transmission across
some hippocampal excitatory synapses is enhanced by inhalational anesthetics.30 In a similar fashion, general anesthetics both
enhance and depress inhibitory synaptic transmission in various
preparations. In a classic article in 1975, Nicoll et al.55 showed
that barbiturates enhanced inhibitory synaptic transmission by
prolonging the decay of the GABAergic inhibitory postsynaptic
current. Enhancement of inhibitory transmission has also been
observed with many other general anesthetics including etomidate,56 propofol,57 inhalational anesthetics,58 and neurosteroids.59
Although anesthetic enhancement of inhibitory currents has
received a great deal of attention as a potential mechanism of
anesthesia,32,60,61 it is important to note that there is also a large
body of experimentation showing that clinical concentrations of
general anesthetics can depress inhibitory postsynaptic potentials
in hippocampus62–64 and in spinal cord.65 In summary, anesthetics do appear to have preferential effects on synapses, but there is
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a great deal of heterogeneity in the manner in which anesthetic
agents affect different synapses. This is not surprising given the
large variation in synaptic structure, function (i.e., eficacy), and
chemistry (neurotransmitters, modulators) extant in the nervous
system.

data in Caenorhabditis elegans show that mutations in the transmitter release machinery strongly inluence volatile anesthetic
sensitivity.74,75 Recent evidence where the homologous rat mutant
protein also reduced volatile anesthetic sensitivity against transmitter release suggests that this mechanism may be conserved in
mammals.76

Presynaptic Effects

Anesthetics alter the postsynaptic response to released neurotransmitter at a variety of synapses. Anesthetic modulation of
excitatory neurotransmitter receptor function varies depending
on the receptor type, anesthetic agent, and preparation. In a classic study, Richards and Smaje77 examined the effects of several
anesthetic agents on the response of olfactory cortical neurons
to application of glutamate, the major excitatory neurotransmitter in the CNS. They found that while pentobarbital, diethyl
ether, methoxylurane, and alphaxalone depressed the electrical
response to glutamate, halothane did not. In contrast, when acetylcholine was applied to the same olfactory cortical preparation,
halothane and methoxylurane stimulated the electrical response
whereas pentobarbital had no effect; only alphaxalone depressed
the electrical response to acetylcholine.78 Anesthetic modulation
of neuronal responses to inhibitory neurotransmitters is more
consistent. A wide variety of anesthetics, including barbiturates,
etomidate, neurosteroids, propofol, and luorinated volatile anesthetics, have been shown to potentiate the electrical response to
exogenously applied GABA [for reviews see (60,79)]. For example, Figure 5-2 illustrates the ability of enlurane to increase both
the amplitude and the duration of the current elicited by application of GABA to hippocampal neurons.80

Summary
Anesthetics alter the two fundamental determinants of neuronal
communication, neuronal excitability and synaptic transmission.
figure 5-2. Enflurane potentiates the ability of GABA to activate
a chloride current in cultured rat
hippocampal cells. This potentiation is rapidly reversed by removal
of enflurane (wash; A). Enflurane
increases both the amplitude of
the current (B) and the time (T1/2) it
takes for the current to decay (C).
(Reproduced with permission from
Jones MV, Brooks PA, Harrison L: Enhancement of GABA-activated Cl−
currents in cultured rat hippocampal
neurons by three volatile anaesthetics. J Physiol. 1992;449:289.)
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Postsynaptic Effects

Neurotransmitter release from glutamatergic synapses has consistently been found to be inhibited by clinical concentrations of
volatile anesthetics. For example, a study by Perouansky and colleagues66 conducted in mouse hippocampal slices showed that
halothane inhibited excitatory postsynaptic potentials elicited by
presynaptic electrical stimulation, but not those elicited by direct
application of glutamate. This indicates that halothane must be
acting to prevent the release of glutamate. MacIver and colleagues
extended these observations by inding that the inhibition of glutamate release from hippocampal neurons is not due to effects
at GABAergic synapses that could indirectly decrease transmitter release from glutamatergic neurons. Reduction of glutamate
release by intravenous anesthetics has also been demonstrated, but
the evidence is more limited and the effects potentially indirect.67,68
The data for anesthetic effects on inhibitory neurotransmitter release are mixed. Inhibition,69 stimulation,70,71 and no effect72
on GABA release have been reported for both volatile and intravenous anesthetics. In a brain synaptosomal preparation where
both GABA and glutamate release could be studied simultaneously, Westphalen and Hemmings73 found that glutamate and,
to a lesser degree, GABA release were inhibited by clinical concentrations of isolurane. The mechanism underlying the anesthetic effects on transmitter release has not been established. The
mechanism does not appear to involve reduced neurotransmitter
synthesis or storage, but rather is a direct effect on neurosecretion. A variety of evidence argues that at some synapses a substantial portion of the anesthetic effect is upstream of the transmitter
release machinery, perhaps on presynaptic sodium channels or
potassium leak channels (see later discussion). However, genetic
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Anesthetics have powerful and widespread effects on synaptic
transmission that would logically contribute to general anesthesia. Thus, the synapse is generally thought to be the more relevant
site of anesthetic action. Existing evidence indicates that even at
the synapse, anesthetics have diverse actions, including presynaptic inhibition of neurotransmitter release, inhibition of excitatory
neurotransmitter effect, and enhancement of inhibitory neurotransmitter effect. Furthermore, the synaptic effects of anesthetics differ among various anesthetic agents, neurotransmitters,
and neuronal preparations.

inhibited by volatile anesthetics, but this inhibition results in a
signiicant reduction in synaptic function, at least at some mammalian synapses. Intravenous anesthetics have also been shown
to inhibit sodium channels, but the concentrations for this effect
are supra-clinical.87,88
VDCCs serve to couple electrical activity to speciic cellular
functions. In the nervous system, VDCCs located at presynaptic
terminals respond to action potentials by opening. This allows
calcium to enter the cell, activating calcium-dependent secretion
of neurotransmitter into the synaptic cleft. At least six types of calcium channels (designated L, N, P, Q, R, and T) have been identiied on the basis of electrophysiologic properties and a larger
number based on amino acid sequence similarities. N-, P-, Q-,
anesthetiC aCtions on
and R-type channels, as well as some of the untitled channels, are
preferentially expressed in the nervous system and are thought to
ion Channels
play a major role in synaptic transmission. L-type calcium channels, although expressed in brain, have been best studied in their
Ion channels are a likely target of anesthetic action. The advent
role in excitation–contraction coupling in cardiac, skeletal, and
of patch clamp techniques in the early 1980s made it possible to
smooth muscle and are thought to be less important in synaptic
measure directly the currents from single ion channel proteins.
transmission. The anesthetic action on L- and T-type currents has
Accordingly, during the 1980s and 1990s a major effort was
been well characterized,82,89,90 and some studies have reported the
directed at describing the effects of anesthetics on the various
effects of anesthetics on N- and P-type currents.91–93 As a genkinds of ion channels. The following section summarizes and diseral rule, these studies have shown that volatile anesthetics inhibit
tills this effort. For the purposes of this discussion, ion channels
VDCCs (50% reduction in current) at concentrations 2 to 5 times
are cataloged according to the stimuli to which they respond by
those required to produce anesthesia in humans, with less than
opening or closing (i.e., their mechanism of gating).
a 20% inhibition of calcium current at clinical concentrations of
anesthetics. However, some studies have found VDCCs that are
extremely sensitive to anesthetics. Takenoshita and Steinbach94
Anesthetic Effects on voltagereported a T-type calcium current in dorsal root ganglion neurons that was inhibited by subanesthetic concentrations of halodependent Ion Channels
thane. In addition, ffrench-Mullen and colleagues95 have reported
a VDCC of unspeciied type in guinea pig hippocampus that is
A variety of ion channels can sense a change in membrane
inhibited by pentobarbital at concentrations identical to those
potential and respond by either opening or closing their pore.
required to produce anesthesia. Thus, VDCCs could well mediate
These channels include voltage-dependent sodium, potassium,
some actions of general anesthetics, but their general insensitivity
and calcium channels, all of which share signiicant structural
7 homologies. Voltage-dependent sodium and potassium channels
makes them unlikely to be major targets.
Potassium channels are the most diverse of the ion channel
are largely involved in generating and shaping action potentials.
types and include voltage-gated, background or leak channels
The effects of anesthetics on these channels have been extensively
that open over a wide range of voltages including at the resting
studied by Haydon and Urban81 in the squid giant axon. These
membrane potential of neurons, second messenger and ligandstudies show that these invertebrate sodium and potassium chanactivated, and so-called inward-rectifying channels; some channels are remarkably insensitive to volatile anesthetics. For examnels fall into more than one category. High concentrations of
ple, 50% inhibition of the peak sodium channel current required
both volatile anesthetics and intravenous anesthetics are required
halothane concentrations 8 times those required to produce
to affect signiicantly the function of voltage-gated K+ chananesthesia. The delayed rectiier potassium channel was even
less sensitive, requiring halothane concentrations more than
nels.81,96,97 Similarly, classic inward-rectifying K+ channels are
20 times those required to produce anesthesia. Similar results
relatively insensitive to sevolurane and barbiturates.98–100 Howhave been obtained in a mammalian cell line (GH3 pituitary
ever, some background K+ channels are quite sensitive to volatile
anesthetics.
cells) where both sodium and potassium currents were inhibited
Background or leak K+ channels are activated by both volatile
by halothane only at concentrations greater than 5 times those
and gaseous anesthetics.101 Background or leak channels are so
required to produce anesthesia.82 However, more recent studies
named because they tend to be open at all voltages including the
with volatile anesthetics have challenged the notion that voltageresting membrane potential of neurons, producing a “leak curdependent sodium channels are insensitive to anesthetics.83
Rehberg and colleagues84 expressed rat brain IIA sodium chan- 8 rent.” Leak currents can signiicantly regulate the excitability of
neurons in which they are expressed. Anesthetic activation of a
nels in a mammalian cell line and showed that clinically relevant
leak channel was irst observed in a ganglion of the pond snail,
concentrations of a variety of inhalational anesthetics suppressed
Lymnaea stagnalis.102 Clinical concentrations of halothane activoltage-elicited sodium currents. Ratnakumari and Hemmings85
vated this channel called IK(AN), resulting in silencing of the sponshowed that sodium lux mediated by rat brain sodium chantaneous bursting of these neurons (Fig. 5-3A). A similar anesnels was signiicantly inhibited by clinical concentrations of
thetic-activated background potassium channel was subsequently
halothane. Shiraishi and Harris86 documented the effects of isofound by Winegar and Yost103 in the marine mollusk Aplysia.
lurane on a variety of sodium channel subtypes and found that
The importance of volatile anesthetic activation of these inverseveral but not all subtypes are sensitive to clinical concentratebrate potassium channels has now become apparent with the
tions. Finally, as previously described, in a rat brainstem neudiscovery of a large family of background potassium channels in
ron, Wu and colleagues53 found that a small inhibition of sodium
mammals. These mammalian potassium channels share a unique
currents by isolurane resulted in a large inhibition of synaptic
structure with two pore-forming domains in tandem plus four
activity. Thus, sodium channel activity not only appears to be
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figure 5-3. Volatile anesthetics activate background K+ channels. A: Halothane reversibly hyperpolarizes
a pacemaker neuron from L. stagnalis (the pond snail) by activating IK(AN). B: Halothane (300 µM) activates
human recombinant TREK-1 channels expressed in COS cells. The figure shows current–voltage relationships
with reversal potential (Vrev) of −88 mV, indicative of a K+ channel. C: Predicted structure of a typical subunit
of the mammalian background K+ channels. Note the four transmembrane-spanning segments (orange rectangles) and the two pore-forming domains (P1 and P2). Some but not all of these 2P/4TM K+ channels are activated by volatile anesthetics. d: Phylogenetic tree for the 2P/4TM family. (Reproduced with permission from
Franks NP, Lieb WR: Background K+ channels: An important target for anesthetics? Nat Neurosci. 1999;2:395.)

transmembrane segments (2P/4TM; Fig. 5-3C, D).104 Patel et
al.105 have studied the effects of volatile anesthetics on several
members of the mammalian 2P/4TM family. They have shown
that TREK-1 channels are activated by clinical concentrations of
chloroform, diethyl ether, halothane, and isolurane (Fig. 5-3B).
In contrast, closely related TRAAK channels are insensitive to all
the volatile anesthetics, and TASK channels are activated by halothane and isolurane, inhibited by diethyl ether, and unaffected
by chloroform. These authors further showed that the C-terminal regions of TASK and TREK-1 contain amino acids essential
for anesthetic action. More recently, TREK-1 but not TASK was
found to be activated by clinical concentrations of the gaseous
anesthetics: Xenon, nitrous oxide, and cyclopropane.106 Thus,
activation of background K+ channels in mammalian vertebrates
could be an important and general mechanism through which
inhalational and gaseous anesthetics regulate neuronal resting
membrane potential and thereby excitability. Indeed, genetic evidence argues for a role of these channels in producing anesthesia
(see later discussion).
HCN channels are a relatively recently discovered channel
9
type that is modulated by clinical concentrations of both volatile
and some intravenous anesthetics. HCN channels pass a depolarizing current (termed Ih in the CNS) consisting of a mix of sodium
and potassium ions and are activated by membrane hyperpolarization, the voltage dependence of which is shifted to a more
depolarized range with the second messenger cyclic AMP.107
Therefore, cyclic adenosine monophosphate (cAMP) activates
HCN channels under most physiologic conditions. HCN channels are composed of homomeric and heteromeric combinations
of four subunits—HCN1, 2, 3, 4—all of which are expressed in
both brain and heart. HCN channels have been shown to regulate
resting membrane potential and rhythmic iring of the sinoatrial

node and spontaneously spiking neurons and thereby are important for synchronous oscillations of neuronal networks.107
Volatile anesthetics, propofol, and ketamine have been
shown to inhibit HCN-mediated currents in both cell culture
and native mouse neurons. The Bayliss group has shown that
both halothane and isolurane shifted activation of HCN1 channels expressed in cultured cells to a more negative membrane
potential and reduced current amplitude.108 In isolated spinal
motor neurons, halothane reduced the Ih current, consistent
with the inhibition of HCN channels. Similar inhibition of
HCN1 channels was subsequently observed with clinical concentrations of propofol and ketamine.109,110 The inhibition of
HCN1 by ketamine was stereoselective in the same manner as its
stereoselectivity for general anesthesia.109 Notably, in this same
study, etomidate was not found to inhibit HCN1 channel activation. Thus, HCN1 channels may be important for the actions of
both volatile anesthetics and a subset of intravenous anesthetics. Genetic experiments described below argue that anesthetic
inhibition of the HCN1 channel may contribute to ketamine and
propofol anesthesia in vivo.

Summary
Existing evidence suggests that most voltage-dependent ion channels are modestly sensitive or insensitive to anesthetics. However,
some sodium channel subtypes are inhibited by volatile anesthetics and this effect may be responsible in part for a reduction in
neurotransmitter release at some synapses. Additional experimental data will be required to establish whether anesthetic-sensitive
voltage-dependent ion channels are localized to speciic synapses
at which anesthetics have been shown to inhibit neurotransmitter
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release. Recent evidence suggests that members of the 2P/4TM
family of background potassium channels may be important in
producing some components of the anesthetic state. In addition,
the HCN family of channels has emerged as a potentially relevant
anesthetic target for both volatile and intravenous anesthetics.

Anesthetic Effects on ligandGated Ion Channels
Fast excitatory and inhibitory neurotransmission is mediated by
the actions of ligand-gated ion channels. Synaptically released
glutamate or GABA diffuses across the synaptic cleft and binds to
channel proteins that open as a consequence of neurotransmitter
release. The channel proteins that bind GABA (GABAA receptors)
are members of a superfamily of structurally related ligand-gated
ion channel proteins that include nicotinic acetylcholine receptors, glycine receptors, and 5-HT3 receptors. On the basis of the
structure of the nicotinic acetylcholine receptor, each ligandgated channel is thought to be composed of ive subunits. The
glutamate receptors also comprise a family, each receptor thought
to be a tetrameric protein composed of structurally related subunits. The ligand-gated ion channels provide a logical target for
anesthetic action because selective effects on these channels could
inhibit fast excitatory synaptic transmission and/or facilitate fast
inhibitory synaptic transmission. The effects of anesthetic agents
on ligand-gated ion channels have been thoroughly cataloged in
several reviews.32,60,111,112 The following section provides a brief
summary of this large body of work.

for volatile anesthetic potentiation of GluR6 have been identiied.
Subsequent site-directed mutagenesis studies have identiied a
speciic glycine residue (Gly-819) as critical for volatile anesthetic
action on GluR6-containing receptors.117
NMDA-activated currents also appear to be sensitive to a
subset of anesthetics. Electrophysiologic studies show virtually
no effects of clinical concentrations of volatile anesthetics,113,114
neurosteroids, or barbiturates115 on NMDA-activated currents.
On the other hand, biochemical lux studies have shown that volatile anesthetics may inhibit NMDA-activated channels. A study
in rat brain microvesicles showed that anesthetic concentrations
(0.2 to 0.3 mM) of halothane and enlurane inhibited NMDAactivated calcium lux by 50%.118 Ketamine is a potent and selective inhibitor of NMDA-activated currents. Ketamine stereoselectively inhibits NMDA currents by binding to the phencyclidine
site on the NMDA receptor protein.119–121 The anesthetic effects of
ketamine in intact animals show the same stereoselectivity as that
observed in vitro,26 consistent with the hypothesis that the NMDA
receptor is a relevant molecular target for the anesthetic actions of
ketamine. Two other recent indings suggest that NMDA receptors may also be an important target for nitrous oxide and xenon.
These studies show that N2O122,123 and xenon124 are potent and
selective inhibitors of NMDA-activated currents. This is illustrated in Figure 5-4, showing that N2O inhibits NMDA-elicited,
but not GABA-elicited, currents in hippocampal neurons.

N2O

20 M NMDA
Air
Air
N2O

Glutamate-Activated Ion Channels
Glutamate-activated ion channels have been classiied based on
selective agonists, into three categories: AMPA receptors, kainate receptors, and NMDA receptors. 2-amino-3-(5-methyl-3oxo-1,2- oxazol-4-yl)propanoic acid (AMPA) receptors, kainate
receptors, and N-methyl-D-aspartic acid (NMDA)receptors are
relatively nonselective monovalent cation channels involved in
fast excitatory synaptic transmission, whereas NMDA channels
conduct not only Na+ and K+ but also Ca2+ and are involved in
long-term modulation of synaptic responses (long-term potentiation). Studies from the early 1980s in mouse and rat brain
preparations showed that AMPA- and kainate-activated currents
are insensitive to clinical concentrations of halothane,113 enlurane,114 and the neurosteroid allopregnanolone.115 In contrast,
kainate- and AMPA-activated currents were shown to be sensitive
to barbiturates; in rat hippocampal neurons, 50 µM pentobarbital (pentobarbital produces anesthesia at approximately 50 µM)
inhibited kainate and AMPA responses by 50%.115 More recent
studies using cloned and expressed glutamate receptor subunits
show that submaximal agonist responses of GluR3 (AMPAtype) receptors are inhibited by luorinated volatile anesthetics
whereas agonist responses of GluR6 (kainate-type) receptors are
enhanced.116 In contrast, both GluR3 and GluR6 receptors are
inhibited by pentobarbital. The directionally opposite effects of
the volatile anesthetics on different glutamate receptor subtypes
may explain the earlier inconclusive effects observed in tissue,
where multiple subunit types are expressed. These opposite effects
have also been used as a strategy to identify critical sites on the
molecules involved in anesthetic effect. By producing GluR3/
GluR6 receptor chimeras (receptors made up of various combinations of sections of the GluR3 and GluR6 receptors) and screening
for volatile anesthetic effect, speciic areas of the protein required
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figure 5-4. Nitrous oxide inhibits NMDA-elicited, but not GABAelicited, currents in rat hippocampal neurons. A: Eighty percent N2O
has no effect on holding current (upper trace), but inhibits the current
elicited by NMDA. B: N2O causes a rightward and downward shift of
the NMDA concentration–response curve, indicating a mixed competitive/noncompetitive antagonism. C: Eighty percent N2O has little effect on GABA-elicited currents. In contrast, an equipotent anesthetic
concentration of pentobarbital markedly enhances the GABA-elicited
current. (Reproduced with permission from Jevtovic-Todorovic V, Todorovic SM, Mennerick S, et al.: Nitrous oxide (laughing gas) is an NMDA
antagonist, neuroprotectant, and neurotoxin. Nat Med. 1998;4:460.)

activated currents. Inhibition refers to the ability of anesthetics
to prevent GABA from initiating current low through GABAA
channels and has generally been observed at high concentrations
of both GABA and anesthetic.129,130 Inhibition of GABAA channels may help to explain why volatile anesthetics have, in some
cases, been observed to inhibit rather than facilitate inhibitory
synaptic transmission.62
Effects of anesthetics have also been observed on the function
of single GABAA channels. These studies show that barbiturates,128
propofol,126 and volatile anesthetics131 do not alter the conductance (rate at which ions traverse the open channel) of the channel, but that they increase the frequency with which the channel
opens and/or the average length of time that the channel remains
open. Collectively, the whole cell and single channel data are most
consistent with the idea that clinical concentrations of anesthetics produce a change in the conformation of GABAA receptors
that increases the afinity of the receptor for GABA. This is consistent with the ability of anesthetics to increase the duration of
inhibitory postsynaptic potentials since higher-afinity binding
of GABA would slow the dissociation of GABA from postsynaptic GABAA channels. Anesthetics would not be expected to
increase the peak amplitude of a GABAergic inhibitory postsynaptic potential since synaptically released GABA probably reaches
very high concentrations in the synapse. Higher concentrations of
anesthetics can produce additional effects, either directly activating or inhibiting GABAA channels. Consistent with these ideas, a
study by Banks and Pearce132 showed that isolurane and enlurane simultaneously increased the duration and decreased the
amplitude of GABAergic inhibitory postsynaptic currents in hippocampal slices.
Despite the similar effects of many anesthetics on GABAA
receptor function, different anesthetics act on distinct subtypes of
GABAA receptors. This is well illustrated for benzodiazepine sensitivity, which requires the presence of the γ2 subunit subtype.133
Similarly, sensitivity to etomidate has been shown to require the
presence of a β2 or β3 subunit.134. The presence of a δ or ε subunit in a GABAA receptor has been shown to confer insensitivity
to the potentiating effects of some anesthetics.135,136 Interestingly,
GABAA receptors composed of ρ-type subunits (referred to as

GABA-Activated Ion Channels
GABA is the most important inhibitory neurotransmitter in the
mammalian CNS. GABA-activated ion channels (GABAA receptors) mediate the postsynaptic response to synaptically released
GABA by selectively allowing chloride ions to enter and thereby
hyperpolarize neurons. GABAA receptors are multi-subunit proteins consisting of various combinations of α, β, δ, and ε subunits, and there are many subtypes of each of these subunits. The
function of GABAA receptors is modulated by a wide variety of
pharmacologic agents including convulsants, anticonvulsants,
sedatives, anxiolytics, and anesthetics.60 The effects of these various drugs on GABAA receptor function vary across brain regions
and cell types. The following section briely reviews the effects of
anesthetics on GABAA receptor function.
Barbiturates, anesthetic steroids, benzodiazepines, propofol,
etomidate, and volatile anesthetics all modulate GABAA receptor
function.80,125–128 These drugs produce three kinds of effects on
the electrophysiologic behavior of the GABAA receptor channels:
Potentiation, direct gating, and inhibition. Potentiation refers to
the ability of anesthetics to increase markedly the current elicited
by low concentrations of GABA, but to produce no increase in the
current elicited by a maximally effective concentration of GABA.
Potentiation is illustrated in Figure 5-5, showing the effects of
halothane on currents elicited by a range of GABA concentrations in dissociated cortical neurons. Anesthetic potentiation of
GABAA currents generally occurs at concentrations of anesthetics within the clinical range. Direct gating refers to the ability of
anesthetics to activate GABAA channels in the absence of GABA.
Generally, direct gating of GABAA currents occurs at anesthetic
concentrations higher than those used clinically, but the concentration–response curves for potentiation and for direct gating can
overlap. It is not known whether direct gating of GABAA channels
is either required for or contributes to the effects of anesthetics on
GABA-mediated inhibitory synaptic transmission in vivo. In the
case of anesthetic steroids, strong evidence indicates that potentiation, rather than direct gating of GABAA currents, is required
for producing anesthesia.27 Anesthetics can also inhibit GABAGABA 3  106M
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figure 5-5. The effects of halothane (Hal), enflurane (Enf), and fluoroethyl (HFE) on GABA-activated
chloride currents in dissociated rat CNS neurons. A: Clinical concentrations of halothane and enflurane
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(Reproduced with permission from Wakamori M, Ikemoto Y, Akaike N: Effects of two volatile anesthetics
and a volatile convulsant on the excitatory and inhibitory amino acid responses in dissociated CNS neurons
of the rat. J Neurophysiol. 1991;66:2014.)

SCIENTIFIC FOUNDATIONS OF
ANESTHESIA

CHAPTER 5 Mechanisms of Anesthesia and Consciousness

118

SECTION II Scientiic Foundations of Anesthesia

GABAC receptors) have been shown to be inhibited rather than
potentiated by volatile anesthetics.137 This property has been
exploited to construct chimeric receptors composed of part of the
ρ-receptor coupled to part of an α, β, or glycine receptor subunit.
By screening these chimeras for anesthetic sensitivity, regions of
the α, β, and glycine subunits responsible for anesthetic sensitivity have been identiied. On the basis of the results of these chimeric studies, site-directed mutagenesis studies were performed
to identify the speciic amino acids responsible for conferring
anesthetic sensitivity. These studies revealed two critical amino
acids, near the extracellular regions of transmembrane domains
2 and 3 (TM2, TM3) of the glycine and GABAA receptors, that
are required for the volatile anesthetic potentiation of agonist
effect.138 It is not yet clear whether these amino acids represent a
volatile anesthetic-binding site or whether they are sites critical
to transducing anesthetic-induced conformational changes in the
receptor molecule. Interestingly, one of the amino acids shown to
be critical to the volatile anesthetic effect (TM3 site) has also been
shown to be required (in the β2/β3 subunit) for the potentiating
effects of etomidate.139 In contrast, the TM2 and TM3 sites do not
appear to be required for potentiation by propofol, barbiturates,
or neurosteroids.140 A distinct amino acid in the TM3 region of
the β1 subunit of the GABAA receptor has been shown to selectively modulate the ability of propofol to potentiate GABA agonist
effects. Neurosteroids actions on GABAA receptors occur via interactions with speciic sites within the transmembrane-spanning
regions of the α1 and β2 subunits that are distinct from those with
which benzodiazepines and pentobarbital act.141 Collectively, these
data provide strong evidence that there are multiple unique sites
for the action of anesthetics on the GABAA receptor protein.
10

Other ligand-Activated Ion Channels
Ligand-gated receptors structurally similar to the GABAA receptor including the nicotinic acetylcholine receptors (muscle and
neuronal types), glycine receptors, and 5-HT3 receptors have
been shown to be modulated by general anesthetics.142 The
muscle nicotinic receptor has served as a useful model because of
its abundance and the wealth of knowledge about its structure.
This nicotinic receptor subtype has been shown to be inhibited
by anesthetic concentrations in the clinical range143 and to be
desensitized by higher concentrations of anesthetics.144 Neuronal nicotinic receptors are structurally similar to the muscle type
and are widely expressed in the mammalian CNS. Neuronal nicotinic receptors in molluscan neurons145 and in bovine chromafin
cells146 were found to be inhibited by clinical concentrations of
volatile anesthetics. Studies using cloned and expressed neuronal
nicotinic receptor subunits have shown a high degree of subunit
and anesthetic selectivity. In receptors composed of various combinations of α2, α4, β2, and β4 subunits, acetylcholine-elicited currents are inhibited by subanesthetic concentrations of halothane147
or isolurane.148 In contrast, these receptors are relatively insensitive to propofol, and receptors composed of only α7 subunits
are insensitive to both isolurane and propofol.148,149 Subsequent
pharmacologic experiments using selective inhibitors of neuronal
nicotinic receptors led to the conclusion that these receptors are
unlikely to have a major role in immobilization by volatile anesthetics.150,151 However, they might play a role in the amnestic or
hypnotic effects of volatile anesthetics.152
Glycine is an important inhibitory neurotransmitter, particularly in the spinal cord and brainstem. The glycine receptor is a
member of the ligand-activated channel superfamily that, like the
GABAA receptor, is a chloride-selective ion channel. A large number of studies have shown that clinical concentrations of volatile

anesthetics potentiate glycine-activated currents in intact neurons113 and in cloned glycine receptors expressed in oocytes.153,154
Volatile anesthetics appear to produce their potentiating effect by
increasing the afinity of the receptor for glycine, much like for
GABAA receptors.152 Propofol,126 alphaxalone, and pentobarbital
also potentiate glycine-activated currents, whereas etomidate
and ketamine do not.154 Potentiation of glycine receptor function
may contribute to the anesthetic action of volatile anesthetics and
some parenteral anesthetics.
The 5-HT3 receptors are also members of the genetically
related superfamily of ligand-gated receptor channels. Clinical
concentrations of volatile anesthetics potentiate currents activated by 5-HT3 hydroxytryptamine in intact cells155 and in cloned
receptors expressed in oocytes.156 In contrast, thiopental inhibits
5-HT3 receptor currents155 and propofol is without effect on these
receptor channels.156 The 5-HT3 receptors may play some role
in the anesthetic state produced by volatile anesthetics and may
also contribute to some unpleasant anesthetic side effects such as
nausea and vomiting.

Summary
Several ligand-gated ion channels are modulated by clinical concentrations of anesthetics. Ketamine, N2O, and xenon inhibit
NMDA-type glutamate receptors, and this effect may play a major
role in their mechanism of action. A large body of evidence shows
that clinical concentrations of many anesthetics potentiate GABAactivated currents in the CNS. This suggests that GABAA receptors
are a probable molecular target of anesthetics. Other members of
the ligand-activated ion channel family, including glycine receptors, neuronal nicotinic receptors, and 5-HT3 receptors, are also
affected by clinical concentrations of anesthetics and remain plausible anesthetic targets.

hoW are the MoleCular effeCts of
anesthetiCs linked to anesthesia
in the intaCt organisM?
The previous sections have described how anesthetics affect the
function of a number of ion channels and signaling proteins,
probably via direct anesthetic–protein interactions. However,
these in vitro experiments do not allow for determining which, if
any, of these effects of anesthetics on protein function are necessary and/or suficient to produce anesthesia in an intact organism.
A number of approaches have been employed to try to link anesthetic effects observed at a molecular level to anesthesia in intact
animals. These approaches and their pitfalls are briely explored
in the following section.

Pharmacologic Approaches
An experimental paradigm frequently used to study anesthetic
mechanisms is to administer a drug thought to act speciically at
a putative anesthetic target (e.g., a receptor agonist or antagonist,
an ion channel activator or antagonist), then determine whether
the drug has either increased or decreased the animal’s sensitivity to a given anesthetic. The underlying assumption is that if a
change in anesthetic sensitivity is observed, then the anesthetic
is likely to act via an action on the speciic target of the administered drug. However, conclusions from this approach must

119

its EC50 for halothane and had an interesting locomotion defect in
the absence of halothane called fainting. Normal C. elegans worms
crawl almost continuously whereas “fainter” mutants spontaneously stop moving for extended periods of time. In testing other
previously isolated fainter mutants, Sedensky found that, in general, fainters were hypersensitive to halothane.163 Subsequent
genetic screens and mapping of fainting mutants have led to a focus
on a novel presumptive cation channel, NCA-1/NCA-2, that
controls halothane sensitivity in both C. elegans and in the fruit
ly Drosophila.164 This remarkable conservation of the anesthetic
hypersensitivity phenotype across such divergent species argues
for a fundamental role of NCA-1/NCA-2 in the action of halothane.
Clinical concentrations of volatile anesthetics do not immobilize C. elegans, but they do produce behavioral effects including loss of coordinated movement.165 Crowder and colleagues
have screened for mutants that are resistant to anesthetic-induced
uncoordination and found that mutations in a set of genes encoding proteins regulating neurotransmitter release control anesthetic sensitivity.74,75 The gene with the largest effect encoded
syntaxin 1A, a neuronal protein highly conserved from C. elegans
to humans and essential for fusion of neurotransmitter vesicles
with the presynaptic membrane.75 Importantly, some syntaxin
mutations produced hypersensitivity to volatile anesthetics while
others conferred resistance. These allelic differences in anesthetic
sensitivity could not be accounted for by effects on the process
of transmitter release itself; rather, the genetic data argued that
syntaxin interacts with a protein critical for volatile anesthetic
action, perhaps an anesthetic target. Subsequent experiments by
others in rat have shown that expression of the same mutant syntaxin in cultured rat neurons reduces the potency of isolurane
at inhibiting neurotransmitter release in mammals.76 A highly
evolutionarily conserved presynaptic protein called UNC-13 in
C. elegans has been implicated in this syntaxin-regulated volatile
anesthetic mechanism.166 C. elegans UNC-13 mutants are fully
resistant to the effects of clinical concentration of isolurane, and
isolurane prevents the normal synaptic localization of UNC-13 in
C. elegans. Whether UNC-13 is a direct target of volatile anesthetics is unknown. This same laboratory has also shown by mutant
analysis that an NMDA glutamate receptor subunit is essential for
nitrous oxide sensitivity in C. elegans167 and that another glutamate receptor subunit is required for the effects of xenon.168
In Drosophila, clinical concentrations of volatile anesthetics disrupt negative geotaxis behavior and response to a noxious
light or heat stimulus.169–171 Using one or more of these anesthetics effects, Krishnan and Nash171 performed a forward genetic
screen for halothane resistance. The results of this screen have led
to a focus on the Drosophila homolog of NCA-1/2. As previously
discussed, mutants in the Drosophila homolog of NCA-1/2 are
hypersensitive to halothane like the C. elegans mutants.164 The
synergy of both Drosophila and C. elegans genetics should lead to
an understanding of how this channel controls volatile anesthetic
Genetic Approaches
sensitivity.
In mammals, the most powerful genetic model organism is
An alternative approach to study the relationship between anesmouse, where techniques have been developed to alter or delete
thetic effects observed in vitro and whole-animal anesthesia is to
any gene of interest. The GABAA receptor has been extensively
alter the structure or abundance of putative anesthetic targets and
studied using mouse genetic techniques.172 Mice carrying
determine how this affects whole-animal anesthetic sensitivity.
While they also have potential laws, genetic techniques provide 11 mutations in α, β, and δ GABAA receptor subunits have been
the most speciic and versatile methods for changing the structure
tested for their effects on anesthetic end points (Table 5-1). For
or abundance of putative anesthetic targets. The irst direct genetic
α subunits, four knockout mutations (where the gene is fully
screen for mutants with altered general anesthetic sensitivity
inactivated) and one knockin mutation (where a functional but
was performed in the nematode C. elegans by Morgan and
altered gene product is produced) have been examined. KnockCascorbi.162 They screened for altered sensitivity to immobilizaout of the α1 and α4 subunits produced similar phenotypes
tion of C. elegans by halothane, which occurs at supra-clinical
with a large reduction of the eficacy of isolurane at blocking
concentrations. The irst mutant isolated had a 3-fold reduction in
learning and memory tasks in the mutant mice compared to

be tempered by a number of considerations. The drugs used to
modulate anesthetic sensitivity usually have their own direct
effects on CNS excitability and thus may indirectly affect anesthetic requirements. For example, while α2-adrenergic agonists
decrease halothane MAC,157 they are profound CNS depressants
in their own right and produce anesthesia by mechanisms distinct
from those used by volatile anesthetics. Thus, the “MAC-sparing”
effects of α2-agonists provide little insight into how halothane
works. A more useful pharmacologic strategy would be to identify drugs that have no effect on CNS excitability but prevent the
effects of given anesthetics. Currently, however, there are no such
anesthetic antagonists. Development of speciic antagonists for
anesthetic agents would provide a major tool for linking anesthetic effects at the molecular level to anesthesia in the intact
organism and might also be of signiicant clinical utility.
An alternative pharmacologic approach is to develop “litmus
tests” for the relevance of anesthetic effects observed in vitro. One
such test takes advantage of compounds that are non-anesthetic
despite the predictions of the Meyer–Overton rule.19 Another
test uses anesthetic stereoselectivity as the discriminator with the
assumption that a target not affected with the same stereoselectivity as that observed for whole animal anesthesia is unlikely to
be relevant to the production of anesthesia.158 Although these tests
may increase the plausibility of a particular target, they cannot be
used to deinitively rule out a potential target. For example, a nonanesthetic might depress CNS excitability via its actions on an
important anesthetic target site while simultaneously producing
counterbalancing excitatory effects at a second site. In this case
the “litmus test” would incorrectly eliminate the anesthetic site as
irrelevant to whole-animal anesthesia. This example is quite plausible given the convulsant effects of many of the non-anesthetic
polyhalogenated hydrocarbons. Likewise, anesthetics may act stereoselectively on some relevant targets and non-stereoselectively
on others. Another sort of litmus test is to antagonize the putative
anesthetic target. If anesthetic effects are mediated through this
target, inactivation of the target by the antagonist should result in
anesthetic resistance. Using this logic, the modest MAC-sparing effects of GABAA and glycine receptor antagonists were used
to argue that both GABAA and glycine receptors mediate some
but not all of the immobilizing effects of volatile anesthetics in
rodents.159–161 This same group used the lack of effect of neuronal
nicotinic antagonists on isolurane MAC to conclude that these
receptors had no role in volatile anesthetic immobilization.150
Issues of speciicity and eficacy of the antagonists prevent these
experiments from being deinitive. Nevertheless, these results are
important and consistent with the conclusions that volatile anesthetics affect the function of a large number of important neuronal proteins and no one target is likely to mediate all of the effects
of these drugs.
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table 5-1. Mouse Genetics of AnesthesiA
Gene
Product

Anesthetic Behavioral Effect
Mutation

Hypnosis

Immobility

hal; Iso, Pentobarb

Iso, Hal, Des

GABAA α1

Global and
forebrain KO
S270H/L277A

iso, enf, etom; Hal

Iso, Hal, Des

GABAA α4
GABAA α5

Global KO
Global KO

hal; Iso
Etom

Iso, Hal

GABAA α6
GABAA β2

Global KO
Global KO

Hal, Enf, Pentobarb
Etom, Pentobarb

Enf
Etom

etom

GABAA β2

N265S

etom; Prop

etom; Prop

GABAA β3
GABAA β3

Global and
forebrain KO
N265M

etom; Prop,
Pentobarb
etom; Hal, Enf,
Pentobarb
etom, Prop,
Pentobarb;
neurosteroids,
Hal, Enf

GABAA δ

Global KO

TREK-1

Global KO

TASK-1

Global KO

neurosteroids;
Etom, Prop,
Ketam, Pentobarb,
Hal, Enf
chloro, Des,
iso, hal, sevo;
Pentobarb
iso; Hal

TASK-2
TASK-3

Global KO
Global KO

hal; Cyclo, Prop

HCN1

Global KO

Ket, Prop; Etom

GABAA α1

Sedation

Reference

Iso

Sonner Mol Pharm 2005,
Blednov JPET 2003173, 175
Borghese JPET 2006, Sonner
Anesth 2007, Werner
2006178–180
Rau AA 2009174
Cheng J Neurosci 2006, Martin
Anesth 2009176, 249
Homanics Mol Pharm 1997177
Blednov JPET 2003, O’Meara
Neuroreport 2004173, 250
Reynolds J Neurosci 2003,
Cirone Anesth 2004189–190
Quinlan Anesth 1998, Rau AA
2011251–252
Zeller Mol Pharm 2007, Zeller
BMC Pharm 2007, Jurd
FASEB J 2003, Lambert
Eur J Pharm 2005, Liao AA
2005184–186,188,253
Mihalek PNAS 1999191

etom;
Pentobarb

Etom

hal, enf; Iso
Etom, Prop,
Pentobarb;
hal, iso,
enf, cyclo;
neurosteroids
Hal, Enf

Amnesia

iso
etom;
Ket

iso; Etom
Etom

Neurosteroids

Prop, Iso

chloro, Des, hal,
iso, sevo

Herteaux EMBO J 2004192

hal; Iso

Linden JPET 2006, Linden
JPET 2008194,254
Gerstin AA 200398
Linden JPET 2007, Pang
2009195,196
Chen J Neurophys 2009255

Hal, Iso, Des
hal; Iso

Hal, halothane; Iso, Isolurane; Pentobarb, pentobarbital; Des, deslurane; Enf, enlurane; Etom, etomidate; Prop, propofol; Cyclo, cyclopropane; Ketam, ketamine;
Chloro, chloroform.
Bold indicates decreased sensitivity to that anesthetic; bold italics indicates lack of sensitivity; italics indicates normal sensitivity.

wild-type controls.173–175 Similarly, an α5 knockout mouse was
strongly resistant to the amnestic effects of etomidate.176 α1 and
α4 knockouts also had small differences for halothane potency
in assays of hypnosis. An α6 knockout strain had normal sensitivities to halothane, enlurane, and pentobarbital in hypnosis
and immobility assays.177 A knockin α1 mouse strain expressing a double-mutated α1(S270H, L277A) subunit has also been
tested for its anesthetic sensitivity.178–180 The α1(S270H) mutation had been shown to block GABA potentiation by volatile
anesthetics,181 but the mutation also increased native sensitivity to GABA, confounding interpretation of the data. Moreover,
α1(S270H) single-mutant mice are quite abnormal behaviorally
and are prone to anesthetic-induced seizure activity.182 Thus, a
second mutation, L277A, was introduced into the α1 subunit
that compensated for the change in native gating properties.178
The α1(S270H, L277A) mice are viable and grossly behaviorally

normal. These mice are mildly resistant to the hypnotic effects of
isolurane, enlurane, and etomidate as well as the ataxic effects
of etomidate; however, the potency of the drugs in MAC and
fear-conditioning assays (a measure of learning) are not altered
by the double-mutant α1 subunit.
While the anesthetic behavioral phenotypes of the α mutant
mice were only incrementally different from wild-type mice,
β subunit mutants have profound differences for the intravenous anesthetics etomidate and propofol. The electrophysiologic
experiments that formed the foundation for generation of the
mutant mice showed that etomidate potently inhibited β2- and
β3-containing GABAA receptors and was much less potent against
β1-containing receptors.134,139. Mouse β2 and β3 both differ
from β1 at amino residue 265 in the second transmembrane
domain where it is an asparagine (N) in β2 and β3 but is a serine (S) in β1 and a methionine (M) in an etomidate-insensitive
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figure 5-6. Mutations in the β2
and β3 subunits of the GABAA receptor reduce sensitivity to etomidate
and propofol. A: Knockin transgenic
mice were generated with mutation
of a conserved asparagine (Asn) in
the second transmembrane domain
to a serine (Ser) in the β2 subunit or
a methionine (Met) in the β3 subunit.
B: The sensitivities of the wild type
and the two knockin mice strains
were measured in a LORR assay, which
is thought to model hypnosis. Mutant
sensitivities to etomidate and propofol are highly significantly different
compared to wild type. The neurosteroid alphaxalone is equally potent
in wild type and in the β3(N265M)
strain. C: The sensitivities of the
wild type and the two knockin mice
strains were measured in a hindlimbwithdrawal reflex to a painful stimulus assay, which is thought to model
immobility. Note the lack of significant sensitivities to either etomidate
or propofol in the β3(N265M) strain.
(Adapted from Rudolph U, Antkowiak B: Molecular and neuronal substrates for general anaesthetics. Nat
Rev Neurosci 2004;5:709.)

insect GABA receptor. Electrophysiologic testing of recombinant β3(N265M) receptors revealed that these mutations blocked
potentiation of the receptor by etomidate and propofol.139,183 An
important conirmation of the relevance of these in vitro studies
came from Rudolph and colleagues, who showed that a mouse
β3(N265M) knockin strain was fully resistant to the immobilizing
effects of etomidate, propofol, and pentobarbital (Fig. 5-6).184,185
These results provided the irst deinitive link between an anesthetic in vitro action and a mammalian behavioral end point.
However, the β3(N265M) mice were not completely resistant to
the hypnotic action of these anesthetics, indicating that other targets mediate this behavioral effect (Table 5-1). Interestingly, the
respiratory depressant effects of etomidate and propofol are also
blocked by the β3(N265M) mutation, but the cardiovascular and
hypothermic actions of the drugs are not.186,187 The β3(N265M)
mice also have a modest reduction in sensitivity to the immobilizing actions of volatile anesthetics, suggesting that the β3 subunit
may play a minor role in immobilization, but the mutant has
unaltered sensitivity to the amnestic effects of isolurane and propofol.186,188 A similar approach for the β2 subunit has shown that
a β2(N265S) mutant mouse has reduced sensitivity to etomidate
although no anesthetic end point is fully blocked by this mutation (Fig. 5-6).189,190 Finally, strains carrying a knockout mutation
of the δ subunit of the GABAA receptor have a shorter duration
of neurosteroid-induced loss of righting relex (LORR) whereas
their sensitivity to other intravenous and volatile anesthetics is

unchanged.191 Thus, the δ subunit may play a relatively speciic
role in neurosteroid action.
The roles in anesthetic sensitivity of two of the background
potassium channels have been tested in limited mouse genetic
studies. A TREK-1 knockout mouse was found to be signiicantly but not fully resistant to multiple volatile anesthetics for
hypnotic and immobility end points.192 The volatile anesthetic
resistance of the TREK-1 knockout is substantial, particularly
for halothane where MAC was increased by 48%. Importantly,
the TREK-1 knockout mice have a normal sensitivity to pentobarbital, indicating speciicity for volatile anesthetics consistent
with previous electrophysiologic data. Recently, Westphalen
et al. has used the TREK-1 knockout strain to test the hypothesis that TREK-1 mediates some of the presynaptic inhibitory
effects of volatile anesthetics.193 Indeed, glutamate release from
synaptosomes prepared from the TREK-1 knockout strain is
signiicantly resistant to inhibition by halothane compared to
release from wild-type control synaptosomes. The role of TASK2, another two-pore background potassium channel, has been
similarly tested by measuring the MAC of a TASK-2 knockout
mouse. However, unlike for TREK-1, the TASK-2 knockout has
MAC values similar to wild-type controls for deslurane, halothane, and isolurane.98 This result is somewhat surprising given
that TASK-2 is strongly activated by halothane and isolurane and
may be explained by an overall reduced expression in the nervous
system compared to TREK-1.101 Most recently, knockout strains
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for TASK-1 and TASK-3 have been tested. Both have modest but
significant volatile anesthetic resistance to hypnosis and immobility194–196 (Table 5-1), consistent with a role for these channels
in anesthesia.
Finally, a knockout mouse strain of the HCN1 channel has
been generated and its ketamine, propofol, and etomidate sensitivity for hypnosis tested.109 The HCN1 KO strain is strongly
resistant to ketamine (85% increased ED50) and propofol (47%
increased ED50) and normally sensitive to etomidate. The lack of
effect of etomidate indicates that the increase is not due to some
nonspecific increase in sensitivities to all hypnotics.

at concentrations below 1 MAC.203 Further investigations have
relied on decerebrate preparations to remove such supraspinal
confounds. Different anesthetics inhibit the sensory neurons in
the dorsal horn or motor neurons in the ventral horn. Propofol depresses activity in ventral horn neurons via a GABAergic
mechanism that can be blocked by the antagonist picrotoxin.204
In contrast, the inhibition of both dorsal horn neurons and
motor neurons by isoflurane cannot be reversed by the same
GABA antagonist.204 In addition to these effects, isoflurane suppresses interneurons of central pattern generators involved in
coordinated movements.205 Thus anesthetics can affect afferent,
efferent, and modulation of reflex arcs in response to noxious
stimulation.

Summary
Results from both invertebrate and vertebrate genetics indicate
that multiple proteins control volatile anesthetic sensitivity. Some
of these may be anesthetic targets and some not. The evidence for
β3-containing GABAA receptors as a relevant target for etomidate
and propofol, however, is quite strong. Etomidate and propofol
potentiate β3-containing receptors expressed heterologously, a
missense mutation blocks this potentiation, and mice expressing this mutant receptor are fully resistant to immobilization by
etomidate, propofol, and pentobarbital but are normally sensitive
to the neurosteroid anesthetic alphaxalone. Other anesthetic end
points are not fully dependent on the β3 subunit and other targets
must be involved. For propofol, but not etomidate, both electrophysiologic and genetic data implicate the HCN1 channel as one
such target. Volatile anesthetics appear to have multiple relevant
targets, including GABAA receptors and some two-pore potassium channels. Other plausible volatile anesthetic targets such as
certain sodium channels, presynaptic proteins, and glycine receptors remain to be examined genetically.

WHERE IN THE CENTRAL NERVOUS
SYSTEM DO ANESTHETICS WORK?
Immobility
12 Several lines of evidence indicate that the spinal cord is the main
site at which anesthetics act to inhibit movement in response to
noxious stimulation. This is, of course, the end point used in most
measurements of anesthetic potency. Rampil and colleagues197,198
have shown that MAC values for fluorinated volatile anesthetics
are unaffected in the rat by either decerebration199 or cervical spinal cord transection.198 Antognini and Schwartz199 have used the
strategy of isolating the cerebral circulation of goats to explore
the contribution of brain and spinal cord to the determination
of MAC. They found that when isoflurane is administered only
to the brain, MAC is 2.9%, whereas when it is administered to
the entire body, MAC is 1.2%. Surprisingly, when isoflurane was
preferentially administered to the body and not to the brain, isoflurane MAC was reduced to 0.8%.200 These provocative results
suggest not only that anesthetic action at the spinal cord underlies MAC, but also that anesthetic action on the brain may actually sensitize the cord to noxious stimuli. Also, several in vitro
electrophysiologic studies have demonstrated inhibition of excitatory synaptic transmission in the spinal cord by volatile anesthetics, arguing that they act, at least in part, directly on spinal
neurons.54,65,201,202 Recent work has revealed that neurons in the
mesencephalic locomotor region may be responsible for supraspinal augmentation of locomotor circuits in the spinal cord

Autonomic Control
Anesthetics exert profound effects on homeostatic mechanisms
through effects on autonomic centers in the brainstem. Inspiratory neurons in the medulla drive phrenic motor neurons to
activate diaphragmatic contraction. Halothane suppresses the
spontaneous activity of these neurons in dogs by reducing glutamatergic input.206 Cardiovascular perturbations are also mediated
in part at autonomic centers. For example, the nucleus ambiguous
contains cardiac vagal neurons whose efferents are critical in the
regulation of heart rate by the parasympathetic nervous system.
Both propofol and isoflurane augment the inhibitory potentials
of rat cardiac vagal neurons in response to GABA.207 The nucleus
of the solitary tract receives sensory input from autonomic reflex
circuits. In vitro data from rat brainstem slices suggest that propofol208 and isoflurane209 augment inhibitory response to GABA
in these neurons.
Hypothalamic thermoregulation is also ablated by anesthetics.
The preoptic area of the anterior hypothalamus contains neurons
that are sensitive to either heat or cold and are also a point of
convergence of input from peripheral sensors. Microinjection of
norepinephrine into the preoptic area of rats anesthetized with
isoflurane was sufficient in potentiating hypothermia whereas the
antagonist prazosin reversed it.210 The relationship between disruptions in temperature regulation and sleep homeostasis (also
regulated by the preoptic area of the anterior hypothalamus)
remains unclear.

Amnesia
While the neurobiologic mechanisms underlying learning, memory consolidation, and memory storage remain unclear, the hippocampus and the amygdala are plausible anesthetic targets for
suppressing memory formation. Bilateral resection of these structures induces anterograde amnesia as demonstrated by the welldocumented case of Henry Gustav Molaison, known as “Patient
H.M.” Similarly, anesthetics ablate the formation of new memories and substantially alter neural activity while leaving prior
memories seemingly intact. Genetic and pharmacologic experiments support a crucial role of the hippocampus in the amnestic
actions of anesthetics. The α5 subtype of the GABAA receptor is
primarily expressed in the hippocampus and has been implicated
in learning and memory.211 α5 GABAA receptor knockout mice
were fully resistant to etomidate in hippocampal-dependent memory tasks.176 Furthermore, short-term memory deficits observed
in wild-type mice after isoflurane or sevoflurane were absent in
α5 GABAA receptor knockout mice, and amnesia in wild-type
mice was reversed by inhibitors of the α5 GABAA receptors.212
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unconsciousness
13 Consciousness is a complex state that can be operationally
divided into the components of arousal and awareness, with both
individually blocked by anesthetics.213 Awareness is the ability to
process and store information in order to interact with internal
or external environment. In contrast, arousal or wakefulness is the
state of receptivity to the external environment and is likely mediated through subcortical structures such as the reticular activating system (RAS) and other arousal centers (Fig. 5-7).

Reticular Activating System
and Arousal Centers
The RAS is a diffuse collection of brainstem neurons that mediate arousal. Electrical stimulation of the RAS induces arousal in
anesthetized animals.214 The RAS includes the reticular formation, the tuberomammillary nucleus (TMN), the tegmentum,
and the thalamic intralaminar nucleus.
The reticular formation (RF) is a heterogeneous collection of
neurons in the midbrain and pons involved in the regulation of
arousal and sleep. Lesions of the midbrain RF lead to coma. Moruzzi
and Magoun have shown that electrical stimulation of the midbrain
awakened sleeping animals. Electrical stimulation in the midbrain
RF of anesthetized animals resulted in augmentation of EEG activity in rats rendered unresponsive by halothane or isolurane.215
GABA levels in the pontine RF are higher during wakefulness than
during rapid eye movement (REM) sleep, suggesting that low GABAergic along with high cholinergic tone in the pontine RF leads to
REM sleep.216 Similarly, isolurane reduces GABA levels in pontine
RF.217 GABA reuptake inhibitor injected into the pontine RF prolonged isolurane induction while reductions in GABA production
in the pontine RF shortened induction in rats.217
Multiple lines of evidence suggest that anesthetic inhibition
of the TMN of the dorsal hypothalamus impairs arousal. The
TMN is the sole source of excitatory histaminergic efferents
in the CNS (Fig. 5-7). Rats with bilateral lesions of the TMN
and rats with intraventricular injections of histamine receptor

antagonists require less isolurane to induce LORR and have
impaired emergence.218 The application of a GABAergic antagonist directly onto the TMN diminished the eficacy of the anesthetics propofol and pentobarbital.219 GABAergic inhibitory
postsynaptic potentials in TMN neurons taken from GABAA
receptor β3(N265M) mutant propofol-resistant mice show lack
of potentiation by propofol, consistent with this nucleus being
a relevant target for propofol.220 The TMN forms a mutually
inhibitory pair with the non-REM promoting ventrolateral posterior optic nucleus (VLPO). Inhibitory afferents of the VLPO
suppress arousal pathways of the TMN, the locus coeruleus, and
the perifornical area. Although anesthetics have been shown to
activate VLPO neurons, VLPO ablation does not impair induction of general anesthesia.221
The perifornical area in the lateral hypothalamus appears to
be critical in emergence from rather than induction of anestheticinduced unconsciousness. It is the sole source of orexin, a neurotransmitter that stabilizes the lip-lopping of the VLPO/
TMN sleep switch. Orexin knockout mice show frequent sleep/
wake transitions akin to narcolepsy. Intraventricular injection of
orexin A in isolurane-anesthetized rats shifts EEG from burst
suppression to patterns similar to arousal222 and also expedites
recovery of the righting relex from propofol- or dexmedetomidine-induced unconsciousness.220 While ablation of arousal by
either isolurane or sevolurane is not affected in orexin knockout animals, recovery from anesthesia is delayed,4 suggesting
asymmetry in the neural mechanisms underlying induction and
emergence.
Suppression of the nucleus basalis of Meynert (NBM) is also
likely important in mediating anesthetic suppression of arousal
and awareness. The NBM is the major source of excitatory cholinergic input to the thalamus, the RAS, and the cerebral cortex.
Histamine activation of the NBM during deep isolurane
anesthesia shifts surface EEG patterns from burst suppression to
delta activity, consistent with diffuse cholinergic activation from
this nucleus reversing anesthetic suppression of cortical activity.218 Norepinephrine infused into NBM induces arousal at deslurane concentrations suficient to ablate the righting relex in
rats, implying that ascending cholinergic stimulation can induce
arousal and antagonize the effects of deslurane.223 Similarly,
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figure 5-7. Diagram of subcortical arousal circuitry
implicated in anesthetic-induced unconsciousness. The
TMN and VLPO form a bistable sleep/wake switch.
The TMN also provides critical histaminergic output to
the cerebral cortex and enhances excitatory cholinergic
release from the NBM. Orexin release from the perifornical area (PF) stabilizes the VLPO/TMN sleep switch
and plays a key role in modulating outputs of the dopaminergic ventral tegmental area (VTA) and the noradrenergic locus coeruleus (LC), and thalamic outputs
critical in maintaining recurrent thalamocortical excitability. Ox, orexin; Nor, norepinephrine; His, histamine;
GABA, γ-aminobutyric acid; ACh, acetylcholine, DA,
dopamine.
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histamine agonists injected into the NBM reversed EEG suppression and accelerated emergence from isolurane anesthesia.224
The precise roles of dopaminergic and noradrenergic arousal
centers in anesthetic-induced unconsciousness remain unclear.
The locus coeruleus (LC) is a set of pontine noradrenergic neurons within the reticular formation. It is the primary adrenergic
source to the cortex, thalamus, and hypothalamus. Dopaminergic inputs to the prefrontal cortical areas, hippocampus, and
amygdala are produced by the ventral tegmental area. The dual
norepinephrine/dopamine reuptake inhibitor, methylphenidate,
restored righting relex in rats anesthetized at the minimum isolurane concentration required for unconsciousness.225 In this
study, restoration of behavioral and electrophysiologic patterns
consistent with arousal and awareness was blocked by the receptor antagonist, droperidol. However, unlike in the TMN, LC neurons in GABAA receptor β3(N265M) mutant mice were sensitive
to propofol.220 As discussed above these mutant mice are markedly resistant to the hypnotic effects of propofol; thus, the effects
of propofol in the LC may not contribute signiicantly to loss of
arousal.

Thalamus
The thalamus has been postulated as a likely target for anesthetic
ablation of consciousness226 but the precise mechanism remains
unclear. Subgroups of neurons regulate widespread cortical excitability or relay information among neurons in cortical, striatal,
limbic, and other subcortical structures. In this respect, the thalamus is likely critical for both arousal and awareness. Nuclei in the
central thalamus have garnered particular attention as an extension of the RAS. Microinfusion to the central medial thalamus or
the lateral thalamus of antibodies to the Kv1.2 potassium channel induced arousal in rats anesthetized with either deslurane
or sevolurane.227 Nicotine injection into the central thalamus of
rats reversed the LORR induced by sevolurane.228 However, the
attenuation of information transfer through the thalamus does
not appear necessary for anesthetic-induced unconsciousness.
Anesthetized rats show reduced excitation in the somatosensory
reticular thalamic nucleus but preserved activity in the ventroposterior lateral nucleus,229 suggesting that while the reticular
nucleus may contribute to ablating arousal, the nuclei involved
in the transmission of sensory information to the thalamus
remain intact. This is supported by data showing that lashed
visual stimuli lead to excitation in primary visual cortex230 of the
anesthetized rats, even during burst suppression.231 Thus, during
deep anesthesia, the thalamus does not appear impermeable to
the transmission of information from the external world to the
cerebral cortex. As the thalamus forms recurrent feedback circuits
with cortical neurons, altered patterns of excitability and oscillatory activity in the thalamus may substantially inluence cortical processing. Simultaneous recordings from both structures in
patients with Parkinson’s disease have suggested that alterations
in cortical activity during anesthetic induction precede those in
the thalamus.232 The intimate relationship of their connections
will continue to impede an understanding of whether anesthetics
induce unconsciousness primarily at the thalamus or the cerebral
cortex.

activity to association and attention areas in parietal and frontal
cortices. These “higher” cortical areas provide reciprocal diffuse
feedback to early cortical areas.
The disruption of feedback connections by anesthetics may
contribute to impaired consciousness by attenuating the integration of information distributed among cortical regions. Analysis of rat visual neuron responses to lashed stimuli reveals that
deslurane attenuates the late components of visual response.233
These late components are products of feedback activity and
mediate contextual modulation from higher cortical areas. Electrode recordings in rats have compared the direction of interactions between frontal and parietal cortical areas in both awake and
anesthetized states. These interactions are balanced in the awake
state but feedback interactions were reduced compared to feedforward when rats were anesthetized by isolurane.234 Similarly,
propofol preferentially reduces feedback activity from frontal to
parietal areas in human EEG studies.235–237 Recent fMRI data have
also showed reductions in feedback connections between frontal
and parietal areas.238
The effects of anesthetics on both cortical iring rates and
timing of action potentials likely contribute to the ablation of
awareness by limiting both the diversity of information that
can be represented and the integration of neural information.1
Anesthetics alter the topology of distinct networks of frontal,
parietal, and temporal cortical areas subserving attention and
higher cognitive processes based on patterns of correlated activity. Most notable are the alterations to the default mode network239 associated with inwardly directed attention.240,241 The
weakening of correlated brain activity between cortical regions
of different attention networks239 is similar to that observed
after induction of non-REM sleep.242–244 Deep propofol sedation
reduces the strength of correlated brain activity and integration
between regions in these networks.238 This blurring of boundaries between networks likely contributes to impaired consciousness by violating the generation and compartmentalization of
neural representations.
Anesthetics weaken high-frequency synchronized oscillatory cortical activity that may normally be critical for integrating
information across cortical areas into coherent representations.245
In rats, isolurane reduces high γ range (70 to 140 Hz) synchrony
in the frontal cortex, visual cortex, and hippocampus.246 Recordings from humans implanted with subdural electrocorticographic
electrodes revealed a reduction in high γ band power (>75 Hz)
on induction with propofol and recovery during emergence from
propofol.247 Analysis of EEG from humans rendered unresponsive by propofol revealed a reduction in information integration
in the γ band235 and multiple anesthetic agents cause widespread
reduction in γ band power.248

Summary

Anesthetics suppress circuits in the spinal cord and brainstem to
induce immobility and disruption of autonomic homeostasis.
The hippocampus is the major site of anesthetic action for anterograde amnesia. As the neurobiologic underpinnings of arousal
and awareness are distributed across brainstem, subcortical, and
cortical structures, no single anatomic site is responsible for anes14 thetic-induced unconsciousness. Recent work has revealed that
networks of subcortical and thalamic nuclei are altered in the ablation of arousal. Cortical networks critical for cognitive processing
Cerebral Cortex
15 of awareness are tentative substrates for eliminating subjective
percepts, noxious and otherwise. Network perturbations in both
The cerebral cortex is the major site for integration, storage, and
frequency and temporal coding of information are putative mechretrieval of information for generating awareness of the external
anisms for altered integration and neural representation.
environment. Primary sensory areas provide focused feed-forward

ChApTEr 5 Mechanisms of Anesthesia and Consciousness

In this chapter, evidence has been reviewed concerning the anatomic, physiologic, and molecular loci of anesthetic action. It is
clear that all anesthetic actions cannot be localized to a specific
anatomic site in the CNS; indeed, considerable evidence supports
the conclusion that different components of the anesthetic state
are mediated by actions at disparate anatomic sites. The actions
of anesthetics also cannot be localized to a single physiologic process. While there is consensus that anesthetics ultimately affect
synaptic function as opposed to intrinsic neuronal excitability,
the effects of anesthetics depend on the agent and synapse studied and can affect presynaptic and/or postsynaptic function. At
a molecular level, volatile anesthetics show some selectivity, but
still affect the function of multiple ion channels and synaptic
proteins. The intravenous anesthetics, etomidate, propofol, and
barbiturates, are more specific with the GABAA receptor as their
major target. Although these effects are likely mediated via direct
protein–anesthetic interactions, numerous proteins can directly
interact with anesthetics. Genetic data plainly demonstrate that
the unitary theory of anesthesia is not correct. No single mechanism is responsible for the effects of all general anesthetics, nor
does a single mechanism account for all of the effects of a single
anesthetic, at least where it has been examined. Figure 5-8 provides a simple model of the molecular and cellular effects of general anesthetics. This cartoon is not meant to include all potential
targets of general anesthetics. Rather, only those molecules with
strong evidence for importance in anesthetic action from multiple different approaches are shown.
Although the precise set of molecular interactions responsible
for producing anesthesia has not been fully elucidated, anesthetics
do act via selective effects on specific molecular targets. The tech-

FIgURE 5-8. A multi-site model for anesthesia. Anesthetics are
grouped according to similarity of mechanism. Arrows indicate activation or potentiation and “T’s” indicate inhibition or antagonism. The
neurophysiologic effects of general anesthetics are lumped into neuronal excitability (the probability of a neuron firing and propagating
an axon potential) and excitatory neurotransmission (synaptic activity at excitatory synapses such as glutamatergic). Neuronal excitability
in this context is the sum of both intrinsic and extrinsic factors (e.g.,
GABAergic inhibition).

nologic revolutions in molecular biology, genetics, neurophysiology, and neuroimaging make it likely that the next decade will
provide additional answers to the anesthetic mechanism puzzle.
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