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General anesthetics are essential to modern medicine,

and yet a detailed understanding of their mechanisms of

action is lacking. General anesthetics were once

believed to be ‘drugs without receptors’ but this view

has been largely abandoned. During the past decade

significant progress in our understanding of the mech-

anisms of general anesthetic action at the molecular,

cellular and neural systems levels has been made.

Different molecular targets in various regions of the

nervous system are involved in the multiple com-

ponents of anesthetic action, and these targets can

vary between specific anesthetics. Neurotransmitter-

gated ion channels, particularly receptors for GABA and

glutamate, are modulated by most anesthetics, at both

synaptic and extrasynaptic sites, and additional ion

channels and receptors are also being recognized as

important targets for general anesthetics. In this article,

these developments, which have important implications

for the development of more-selective anesthetics, are

reviewed in the context of recent advances in ion

channel structure and function.
Lack of a single universal molecular target for anesthetic

action

General anesthetics were first used O150 years ago but
their mechanisms of action have remained unknown until
recently. The low potency (micromolar to millimolar) of
most general anesthetics impeded identification of their
molecular targets for many years. A mechanistic descrip-
tion of general anesthesia was also complicated by the fact
that general anesthesia involves amnesia, unconscious-
ness, analgesia and immobility. The complexity of the
anesthetic state is consistent with modern concepts
that multiple cellular and molecular targets in different
brain regions are involved in the diverse actions of
general anesthetics. All general anesthetics also produce
undesirable side-effects, in particular respiratory and
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cardiovascular depression, each of which involves
unknown molecular targets. Accumulating evidence now
indicates that there is no universal target that explains
all the actions of every general anesthetic, or even of a
single anesthetic agent.

For more than a century, attention focused on the
hydrophobic nature of general anesthetics and their
potential effects on the bulk physical properties of cell
membranes. This led to widespread acceptance of the
‘nonspecific’ nature of general anesthetic action [1]. More
recently, the enantiomeric selectivity exhibited by several
anesthetics helped to implicate specific binding sites on
proteins such as ion channels as more likely targets for
their actions [2]. This led to the contemporary search for
molecular targets of general anesthetic action, which in
turn has enabled the testing of specific hypotheses in
genetically engineered mutant mice [3,4].

This review highlights recent progress in characteriz-
ing the molecular targets of general anesthetics in light
of parallel developments in the neurosciences. We have
focused on isoflurane (1-chloro-2,2,2-trifluoroethyl difluoro-
methyl ether), a prototypical inhaled anesthetic, and
propofol (2,6-diisopropylphenol), a prototypical intravenous
anesthetic, with reference to other agents where appro-
priate. Key advances include evidence that: (i) discrete
binding cavities exist in GABAA receptors for intravenous
and volatile anesthetics; (ii) specific anatomical regions,
subpopulations of GABAA receptors and other molecular
targets mediate the multiple anesthetic behavioral end-
points; and (iii) extrasynaptic GABAA receptors are highly
sensitive to low concentrations of anesthetics. These
developments set the stage for future investigation of how
anesthetic-induced changes in the activity of neuronal
networks underlie the various anesthetic end-points.
Pharmacological criteria for a reasonable target site for

general anesthetics

Putative anesthetic targets must be able to regulate
neuronal activity over a time-scale that is consistent
with the rapid onset of and recovery from the
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neurobehavioral changes that are characteristic of
anesthesia. A potential target molecule (receptor protein
or otherwise) must also fulfill certain pharmacological
criteria (Box 1).

Clinically relevant concentrations

The clinical potencies of inhaled anesthetics for immobil-
ization were established in the classic studies of Eger and
colleagues [5], who defined the ‘minimum alveolar
concentration’ (MAC) necessary to inhibit movement in
response to a noxious stimulus in 50% of subjects
(analogous to an EC50 value). Inhaled anesthetics diffuse
rapidly from the alveoli into capillary blood and equili-
brate with the well-perfused CNS such that the concen-
trations of anesthetic measured in end-expiratory gas,
which reflects alveolar gas concentrations, are equivalent
to CNS concentrations. The determination of clinically
relevant concentrations for intravenous (injectable) anes-
thetics is not as straightforward as a result of complex
pharmacokinetic factors, including distribution, metab-
olism and elimination, and the difficulty of ascertaining
steady-state drug concentrations at their effect sites in the
CNS [6]. In some cases (e.g. propofol and barbiturates),
reasonable estimates of free anesthetic concentrations in
the brain are available [7]. Although immobilization is a
unique property of particular relevance to anesthetic
action that is commonly used as a measure of anesthetic
potency, lower anesthetic concentrations are required for
other anesthetic end-points (e.g. amnesia, sedation and
hypnosis), reflecting the multiple targets and mechanisms
involved.

The anatomy of anesthesia

The idea of specific anatomical locations for anesthetic
action was neglected for many years because the
prevailing dogma suggested that general anesthetics
affected membranes of all cells indiscriminately. The
rejection of ‘unitary’ theories of anesthesia [8], coupled
with advances in neuroscience, has renewed interest in
anatomic aspects of anesthetic action. For example,
immobilization appears to involve primarily depression
of reflex pathways in the spinal cord as a result of
suppression of excitatory mechanisms and/or potentiation
of inhibitory mechanisms because it occurs independently
of drug actions in the brain [9]. However, considerable
debate remains about which synaptic circuits are respon-
sible for the other effects of general anesthetics.

Amnestic effects of general anesthetics presumably
involve circuits in the hippocampus, amygdala and
entorhinal and/or perirhinal cortices, all of which are
Box 1. Pharmacological criteria for identification of relevant

general anesthetic targets

† The anesthetic reversibly alters target function at clinically relevant

concentrations.

† The target is expressed in appropriate anatomical locations to

mediate the specific behavioral effects of the anesthetic.

† The stereoselective effects of anesthetics in vivo parallel actions on

the target in vitro.

† The target exhibits appropriate sensitivity or insensitivity to model

anesthetic and non-anesthetic compounds.
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implicated in learning and memory. The circuitry that
underlies the hypnotic effects of general anesthetics is less
clear; the thalamus, cortex and brain stem have all been
proposed to be crucial for the control of arousal and
‘consciousness’ [9,10]. The application of functional neuro-
imaging techniques such as functional magnetic reson-
ance imaging (fMRI) and positron emission tomography
(PET) suggests that specific brain regions are associated
with amnestic effects and other specific brain regions are
associated with hypnotic effects. Sedative doses of propofol
reduce blood flow, and by inference neuronal activity, in
anterior brain regions, whereas hypnotic doses of propofol
affect more-posterior regions and the thalamus [10]. In
animal studies, the hypothalamic tuberomamillary
nucleus has been implicated in the control of both natural
sleep and the hypnotic actions of propofol [11].

Stereoselectivity

Correlation between the stereoselective actions of general
anesthetics in vivo and in vitro is a powerful test of the
pharmacological relevance of putative molecular targets
[6]. Evidence of such stereoselectivity deposed traditional
‘lipid theories’ of anesthetic action in favor of protein
targets [2]. Stereoselectivity data that correlate in vivo
potency and in vitro receptor actions implicate the GABAA

receptor as a target for the anesthetic actions of etomidate
[12], pentobarbital, steroid anesthetics and possibly iso-
flurane [6], and the NMDA receptor as a target for the
actions of ketamine [6].

Model anesthetic and non-anesthetic analogs

Anesthetic halogenated cyclobutanes, together with struc-
tural analogs that do not produce anesthesia despite
having similar lipophilicities that predict anesthetic
activity, have been used to discriminate relevant volatile
anesthetic targets in vitro [9]. For example, the anesthetic
F3 (1-chloro-1,2,2-trifluorocyclobutane), but not the struc-
turally similar non-anesthetic F6 (1,2-difluorohexafluoro-
butane), affects GABAA, glycine, AMPA, kainate, and 5-HT3

receptors, and NaC channels, consistent with a role in
anesthesia, whereas both F3 and F6 affect neuronal
nicotinic acetylcholine, muscarinic M1 acetylcholine, 5-HT2C

and metabotropic mGlu5 receptors. F6 is interesting
because it lacks immobilization effects despite possessing
amnestic effects, and should provide a useful pharmaco-
logical tool for discriminating targets for these actions.

Molecular targets of general anesthetics

Since the 1980s, ion channels have emerged as the most
promising molecular targets for anesthetics. GABAA

receptors are leading candidates because of their ubiqui-
tous CNS distribution, essential physiological roles and
sensitivity to clinically relevant concentrations of many
anesthetics [6,13]. Certain general anesthetics also affect
other ion channels, including NMDA receptors [9,13], the
HCN (hyperpolarization-activated, cyclic nucleotide-
gated) family of channels that give rise to ‘pacemaker’
currents [14,15], the two-pore-domain ‘leak’ KC channels
that help to establish the resting membrane potential in
many cells [16], and voltage-gated NaC channels in
presynaptic terminals [17].
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Ligand-gated ion channels: targets for all anesthetics

General anesthetics act as either positive or negative
allosteric modulators of ligand-gated ion channels (LGICs)
at clinically effective concentrations. Most inhaled anes-
thetics, including all of the volatile ether anesthetics
(e.g. isoflurane, sevoflurane, desflurane and enflurane)
and some of the alkanes (e.g. halothane), enhance GABAA

receptor function [13]. This increases channel opening to
enhance inhibition at both synaptic and extrasynaptic
receptors (Figure 1).

Most intravenous anesthetics, including propofol and
etomidate, selectively modulate GABAA receptors by
enhancing gating of the receptors by GABA [12,18].
Some intravenous anesthetic agents at higher concen-
trations also open GABAA receptors in the absence of
Potentiation

In

Potentiation of tonic current

Bicuculline, picrotoxin

(a)

ISO 2.5 µM

ISO 25 µM

5 Sec

(c)

(d)

Figure 1. Phasic and tonically activated GABAA receptors are targets for anesthetics. (a) M

anesthetic isoflurane. The prolongation of miniature inhibitory synaptic currents (mIPSC

course of mIPSCs and slightly increases the peak amplitude of mIPSCs. (c) A tonic inh

(bicuculline or picrotoxin) as shown by the upward shift in the baseline current. Ane

downward shift in the current. (d) Multiple general anesthetics, including isoflurane,

indicated by the hyperpolarizing shift in the baseline. Note the phasic mIPSCs superimp
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GABA. Propofol slows desensitization of GABAA recep-
tors, an important action during rapid repetitive acti-
vation of inhibitory synapses [19].

In addition to their prominent effects on GABAA recep-
tors, the volatile anesthetics depress excitatory synaptic
transmission presynaptically, where their principal action
appears to be a reduction in glutamate release [17,20]. By
contrast, the non-halogenated inhaled anesthetics, such
as xenon [21], nitrous oxide [22], and cyclopropane [23], in
addition to the intravenous anesthetic ketamine [24,25],
have little or no effect on the GABAA receptor subtypes
tested so far, and depress excitatory glutamate-mediated
synaptic transmission postsynaptically through NMDA
glutamate receptor blockade. Many volatile anesthetics
also inhibit neuronal nicotinic acetylcholine receptors,
hibition of tonic current

Baseline (Iholding)

Anesthetics, benzodiazepines

ISO 25 µM

ISO 250 µM

50 pA

ISO 250 µM

(b)

Control

8 pA
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odulation of GABAA receptor-mediated inhibitory synaptic currents by the volatile

s) by the slowing of current decay is shown. (b) Isoflurane (ISO) prolongs the time-

ibitory conductance is revealed by the application of a GABAA receptor antagonist

sthetics and benzodiazepines increase the tonic conductance as indicated by the

cause a concentration-dependent increase in the tonic inhibitory conductance as

osed on the tonic current.
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often at sub-anesthetic concentrations, and these
receptors might be involved in their nociceptive rather
than immobilizing effects [26,27].

Synaptic versus extrasynaptic GABA actions

GABAA receptors mediate fast synaptic inhibition by
generating transient inhibitory postsynaptic currents.
Isoflurane prolongs these inhibitory postsynaptic poten-
tials to enhance the net inhibitory current [28] (Figure 1).
In addition to this ‘phasic’ inhibition, a ‘tonic’ or persistent
inhibitory conductance has been identified [29] that
involves the activation of extrasynaptic GABAA receptors.
Extrasynaptic GABAA receptors have different pharmaco-
logical and kinetic properties compared with synaptic
GABAA receptors as a result of their distinct subunit
compositions. Increased tonic inhibition mediated by
extrasynaptic GABAA receptors might contribute to the
neurodepressive properties of general anesthetics [28–30].
Extrasynaptic GABAA receptors are tonically exposed to
low GABA concentrations, at which the potentiating effect
of anesthetics is most significant, have a high affinity for
GABA, and show slow desensitization.

The effects of anesthetics on tonic inhibition have been
characterized in the hippocampus, which is crucially
involved in learning and memory (Figure 1). Hippocampal
neurons generate a robust tonic current via activation of
a5-subunit-containing GABAA receptors [31]. The tonic
current is highly sensitive to propofol, midazolam [30,31]
and isoflurane [32]. GABAA receptors that contain the
a5-subunit are highly sensitive to low concentrations of
propofol and isoflurane, which produce amnesia but not
unconsciousness. The tonic inhibitory conductance medi-
ated by GABAA receptors might thus be a substrate for the
amnestic properties of these anesthetics.

Modeling anesthetic binding sites in GABAA receptors

The hydrophobic nature and low receptor affinities of most
general anesthetics have made identification of pharmaco-
logically relevant binding sites difficult. Evidence supports
the existence of anesthetic binding sites between the second
and third transmembrane segments (TM2 and TM3) of
GABAA receptor subunits. Construction of chimeric
receptors between anesthetic-sensitive and anesthetic-
insensitive receptor subunits has identified two crucial
positions corresponding to a1Ser270 in TM2 and a1Ala291
near the extracellular end of TM3 [33]. Substitutions of
larger amino acids at these positions in the a-subunit alter
potentiation by volatile anesthetics [34],whereasmutations
in the b-subunit, particularly at the TM3 position, alter
potentiation by propofol [35]. The specific amino acid at the
b-subunit TM2 position (Asn265) has a similar influence on
potentiation ofGABAA receptors by etomidate [36].Ground-
breaking studies have shown that genetically engineered
b3-subunit and b2-subunit knock-in mice bearing the muta-
tion b3Asn265Met or b2Asn265Ser are relatively insensitive
(depending on the behavioral end-point being measured)
to etomidate and propofol or etomidate alone, respectively
[4,7], which further confirms the GABAA receptor as a
primary molecular target of these anesthetics.

These crucial TM2 and TM3 residues of GABAA

receptors might contribute to anesthetic binding sites or
www.sciencedirect.com
to the allosteric transduction between anesthetic binding
and receptor modulation. Considerable evidence suggests
that these residues form part of a direct anesthetic binding
site. For example, the molecular volume of the amino acid
substituted for b2Met286 in TM3 correlates inversely with
the maximal molecular volume of active propofol deriva-
tives [35]. Similar results were obtained with inhaled
anesthetics and alcohols at the aligned position in the
a-subunit [37,38]. Using the substituted cysteine accessi-
bility method (SCAM), propofol protects a cysteinyl resi-
due substituted for b2Met286 from reaction with a charged
sulfydryl-reactive reagent [39], which supports a steric
block by propofol as a result of binding in close proximity
to b2Met286.

The b2Met286Trp mutation abolishes potentiation by
propofol but not direct receptor activation. This mutation
also alters the structural requirements for activity at
the GABAA receptor by reducing the volume ‘cut-off ’
among propofol analogs for receptor potentiation. Thus,
the 2,6-dimethyl analog is active at both wild-type and
mutant receptors, whereas 2,6-diisopropyl (propofol) and
2,6-di-ethyl analogs, which potentiate the wild-type
receptor, have no activity on the mutant [35]. These data
support the idea that substitution of Met286 with the
large tryptophan side-chain affects the size of a propofol-
binding cavity, and provides direct steric hindrance of
cavity occupancy by larger substituted phenols.

To promote channel opening, anesthetics must stabilize
activated states of the GABAA receptor. A molecular
mechanism of anesthetic action might involve preferential
partitioning into the proposed cavity between the TM2
and TM3 segments, displacing bound water and thereby
stabilizing the activated state of the receptor [35,37,40,41].
The concept that drug bindingmight involve displacement
of bound water from small cavities is supported by the
crystal structure of LUSH, an alcohol-binding protein
from Drosophila. The alcohol-binding site in LUSH is
between two a-helical segments, as suggested for binding
sites in LGICs [42,43] and synthetic a-helical bundles [44].

Molecular modeling based on structurally homologous
proteins has been used to predict anesthetic binding sites
in the transmembrane domains of the GABAA receptor
(Figure 2). The mutagenesis data suggested that the TM2
a1Ser270 and TM3 a1Ala291 residues are in close
proximity (Figure 2a) but they are separated by 10–15 Å
in the 4-Å resolution structure of the homologous Torpedo
nicotinic acetylcholine receptor (nAChR) (Figure 2c) [45].
Whether they are part of a single binding site or of
separate, perhaps interacting, binding sites remains to be
resolved. The GABAA receptor model (Figure 2a) that was
developed before the nAChR structure was available
positions residues Ser270 and Ala291 in close proximity
[31]andsuggests thatdifferentdrugsmightbind indifferent
orientations within a single binding site [e.g. isoflurane
(Figure 2a) and propofol (Figure 2b)]. This provides a
potential explanation for how mutation of different amino
acid residues could affect potentiation by specific drugs in
the different subunits [35,39]. Alternatively, different
drugs might occupy different cavities within the protein,
nevertheless causing similar functional effects. Refine-
ment of these molecular models will continue to provide
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Figure 2. Putative anesthetic binding sites on GABAA receptors. (a) Amodel of the a1-subunit of the GABAA receptor with Leu232, Ser270, Ala291 and Tyr415 rendered in ball-

and-stick is shown. The molecular model was built by threading the primary sequence of the rat GABAA receptor (P18504) onto a template of a four a-helical bundle found in

the crystal structure of bacterial cytochrome c oxidase [70]. A molecule of isoflurane was built at the same scale and manually positioned in the putative binding site. The

transmembrane a-helices (TM) are numbered 1–4. (b) Amodel of the b2-subunit of the GABAA receptor with Asn265, Met286 and Tyr445 rendered in ball-and-stick is shown.

The corresponding model of the b2-subunit was prepared by substituting appropriate residues into the GABAA receptor a1-subunit model and re-optimizing. A model of

propofol was built at the same scale and manually positioned into the putative binding site. (c) The 4-Å resolution structure of the membrane-spanning domain of the

homologous nicotinic acetylcholine receptor (nAChR) a-subunit provides experimental insight into the spatial relationships of the residues that affect general anesthetic

action [71]. The nAChR positions that align with GABAA receptor residues implicated in general anesthetic action are shown in space-filling representation. Note the O10-Å

separation of these residues in the three-dimensional structure, which contrasts with the model in (a) and (b). The M1 (green), M2 (yellow) and M3 (red) segments of the

homologous nAChR are shown from the lipid bilayer into the channel in wireframe representation using the 1OED atomic coordinates [71]; the M4 segment has been

removed. The mutations that affect general anesthetic action at the positions aligned with a1Ser270 in M2 and a1Ala291 in M3 are discussed in the main text. The figure was

generated using Deepview 3.7b (Swiss Institute of Bioinformatics) and rendered in POV-Ray v3.6 (Persistence of Vision Pty; http://www.povray.org).
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new insights into the molecular basis for general
anesthetic action.
Structure–activity relationship modeling

The general anesthetic properties of propofol were
discovered initially in a screen of 97 alkylphenols in
mice and rabbits following the initial observation that
2,6-diethylphenol was a potent anesthetic [46]. In an
extensive structure–activity relationship (SAR) analysis
of propofol analogs, anesthetic potency correlated strongly
with modulation of the GABAA receptor but did not
correlate well with lipid solubility [47]. Bulky or non-
planar alkyl substitutions at positions 2 and 6 of the
phenol ring abolished activity, as illustrated by the
inactivity of 2,6-di-tert-butylphenol, 2,6-dicyclopentyl-
phenol and 2,6-dicyclohexylphenol. This lack of activity
is not due to increased volume because 2,6-di-sec-
butylphenol (an isomer of 2,6-di-tert-butylphenol) has
high potency at GABAA receptors and for anesthesia.
Although bulky alkyl groups at the 2 and 6 positions
interfere with the activity of propofol analogs, potencies
for both anesthesia and GABAA receptor potentiation also
increase with the size of the alkyl groups up to a point, as
illustrated by the following series: phenol!2,6-dimethyl-
phenol!2-isopropylphenol!2,6-diethylphenol!propofol!
2,6-di-sec-butylphenol.

The power of SAR studies in elucidating relevant
anesthetic actions is further illustrated by a recent study
of the glycine receptor. Propofol enhances glycine acti-
vation of the glycine receptor, similar to its effects on
GABA activation of the GABAA receptor. The propofol
www.sciencedirect.com
analog 2,6-di-tert-butylphenol is inactive at the GABAA

receptor, whereas 2,6-di-sec-butylphenol is highly active
at this receptor; this pattern of activity is reflected in
their anesthetic potency. The observation that the non-
anesthetic 2,6-di-tert-butylphenol potentiates the glycine
receptor [48] indicates that the glycine receptor is not
involved in the immobilizing actions of propofol.
Two-pore-domain KC channels and HCN channels as

anesthetic targets

Isoflurane activates certain ‘leak’ KC channels, as first
identified in the snail Lymnaea [49]. Activation of two-
pore-domain KC channels by clinical concentrations of
volatile anesthetics was observed subsequently in mam-
mals [16]. Increased KC conductance leads to hyper-
polarization, reduced responsiveness to excitatory
synaptic input, and altered network synchrony. Targeted
deletion of the TREK-1 two-pore-domain KC channel in
mice reduced sensitivity to immobilization by volatile
anesthetics by 7–37% (compared with wild-type mice),
which implicates this channel as a possible anesthetic
target [50]. Halothane also inhibits the Ih conductance
mediated by HCN pacemaker channels [14], thereby
reducing the rate of rise of ‘pacemaker’ potentials and
reducing the bursting frequency of certain neurons
showing autorhythmicity. HCN channels are activated at
hyperpolarized, rather than depolarized, membrane
potentials and the gating of these channels is regulated
by intracellular cAMP. HCN channels mediate a mixed
cation current termed If, Iq or Ih depending on the tissue.
In central neurons, Ih contributes to resting membrane
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potential, action potential firing, dendritic integration,
neuronal automaticity and temporal summation, and deter-
mines periodicity and synchronization of oscillations in
many neuronal networks [15]. HCN channels might repre-
sent an under-appreciated anesthetic target site. Enflurane
andhalothane shift thehalf-maximal voltage required for Ih
activation (V1/2) towards more negative potentials and
decrease Ih conductance in frogdorsal root ganglionneurons
[51] and in brainstem motor neurons [14]. More recently,
HCN1 and HCN2 channel isoforms have been shown to be
modulated by clinically relevant concentrations of
halothane [52]. Among intravenous anesthetics, pento-
barbital inhibits Ih in thalamic neurons [53].
Voltage-gated NaC channels as anesthetic targets

Voltage-gated NaC channels are crucial to axonal conduc-
tion, synaptic integration and neuronal excitability.
Axonal action potentials were reported initially to be
relatively resistant to clinical concentrations of volatile
anesthetics [54], which was consistent with the relative
insensitivity of NaC currents in squid [55] and crayfish
[56] giant axons to volatile anesthetics. This established
the widespread notion ‘that clinical concentrations of
general anesthetics almost certainly do not act by blocking
NaC channels’ [56] or any other voltage-gated ion channel
[6]. However, axonal conduction in small (0.1–0.2 mm)
unmyelinated hippocampal axons is significantly
depressed by inhaled anesthetics [57,58], and small
reductions in preterminal action potential amplitude
(a) (b)Neurohypophysial
terminal
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Figure 3. Isoflurane depresses nerve terminal action potentials. The effects of isoflurane o
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have significant effects on transmitter release and hence
on postsynaptic responses [57,59].

Evidence that mammalian voltage-gated NaC channels
are sensitive to clinically relevant concentrations of
general anesthetics came from a careful analysis of the
effects of volatile anesthetic on heterologously expressed
channels. The NaC channel family consists of 10 homo-
logous pore-forming a-subunits with distinct cellular and
subcellular distributions [60]. One neuronal isoform
(Nav1.2) is inhibited by multiple volatile anesthetics
through a voltage-independent block of peak current and
a hyperpolarizing shift in the voltage dependence of
steady-state inactivation [61]. Isoflurane and other
volatile anesthetics inhibit multiple mammalian NaC

channel isoforms including Nav1.2 [61,62], Nav1.5 [63],
Nav1.4 and Nav1.6 channels, but not Nav1.8 channels [62].
Volatile anesthetics also inhibit native NaC channels in
isolated nerve terminals [64] and dorsal root ganglion
neurons at clinical concentrations [65].

Inhibition of presynaptic NaC channels has been
implicated in the depression of evoked neurotransmitter
release and synaptic transmission by volatile anesthetics
[66,67]. Isoflurane inhibits nerve terminal NaC currents
and action potential amplitude through NaC channel
blockade in isolated rat neurohypophysial terminals
(Figure 3) [68,69]. Isoflurane significantly depressed
action potential-evoked synaptic vesicle exocytosis and
excitatory postsynaptic current (EPSC) amplitude with
only a small reduction in presynaptic action potential
amplitude and no direct effect on Ca2C current in the rat
 of Held
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0.3 ms
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Isoflurane Wash
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5 s
400 mΩ

4 mΩ
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rrent injections (ii). (b) In the calyx of Held, isoflurane (0.7mM) reversibly reduces

by a train of 10 action potentials. Isoflurane also reduces action potential amplitude

tential from each train (ii). Abbreviations: Cm, membrane capacitance; Ctrl, control;

on, from [68]; panel (a)(ii) is reproduced, with permission, from [69]; and panel (b) is

http://www.sciencedirect.com


Review TRENDS in Pharmacological Sciences Vol.26 No.10 October 2005 509
calyx of Held synapse (Figure 3) [59]. Simulated reduc-
tions in action potential amplitude reproduced this highly
nonlinear relationship between peak NaC current inhibi-
tion and exocytosis. These findings have renewed interest
in presynaptic NaC channels as important anesthetic
targets for volatile anesthetics.
Future directions

Recent advances in molecular neuroscience continue to
provide tremendous opportunities for understanding the
actions of general anesthetics on their targets. Targeted
mutations of putative anesthetic targets in mice provide
an elegant bridge between in vitro observations and
whole-animal behavior that is essential for demonstrating
anesthetic end-points. The existence of multiple targets
of general anesthetics (particularly for the volatile
anesthetics) and genetic redundancy among ion channels
might demand targeting of multiple genes to significantly
alter anesthetic sensitivity [7].

There is now ample evidence that clinical concen-
trations of most general anesthetics influence the function
of specific ligand-gated ion channels and/or other import-
ant ion channels, and we are on the verge understanding
the molecular mode of the action of these drugs on GABAA

receptors. However, there is still little information, or at
least agreement, about how modulating these channels
alters brain function and leads to the state of general
anesthesia. Advances in systems neurobiology should
extend our knowledge of the effects of anesthetic from
the synaptic level to actions on cognitive and motor
functions of the intact organism.
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16 Patel, A.J. and Honoré, E. (2001) Anesthetic-sensitive 2P domain KC

channels. Anesthesiology 95, 1013–1021
17 Perouansky, M. and Hemmings, H.C., Jr. (2003) Presynaptic actions of

general anesthetics. In Neural Mechanisms of Anesthesia (Antognini,
J.F. et al., eds), pp. 345–369, Humana Press

18 Hales, T.G. and Lambert, J.J. (1991) The actions of propofol on
inhibitory amino acid receptors of bovine adrenomedullary chromaffin
cells and rodent central neurones. Br. J. Pharmacol. 104, 619–628

19 Bai, D. et al. (1999) The general anesthetic propofol slows deactivation
and desensitization of GABAA receptors. J. Neurosci. 19, 10635–10646

20 Maclver, M.B. et al. (1996) Volatile anesthetics depress glutamate
transmission via presynaptic actions. Anesthesiology 85, 823–834

21 Franks, N.P. et al. (1998) How does xenon produce anaesthesia?
Nature 396, 324

22 Jevtovic-Todorovic, V. et al. (1998) Nitrous oxide (laughing gas) is an
NMDA antagonist, neuroprotectant, and neurotoxin. Nat. Med. 4,
460–463

23 Raines, D.E. et al. (2001) Nonhalogenated alkane anesthetics fail to
potentiate agonist actions on two ligand-gated ion channels. Anesthe-
siology 95, 470–477

24 Zeilhofer, H.U. et al. (1992) Differential effects of ketamine enanti-
omers on NMDA receptor currents in cultured neurons. Eur.
J. Pharmacol. 213, 155–158

25 Flood, P. and Krasowski, M.D. (2000) Intravenous anesthetics
differentially modulate ligand-gated ion channels. Anesthesiology 92,
1418–1425

26 Flood, P. et al. (1997) a4b2 neuronal nicotinic acetylcholine receptors
in the central nervous system are inhibited by isoflurane and propofol,
but a7-type nicotinic acetylcholine receptors are unaffected. Anesthe-
siology 86, 859–865

27 Violet, J.M. et al. (1997) Differential sensitivities of mammalian
neuronal and muscle nicotinic acetylcholine receptors to general
anesthetics. Anesthesiology 86, 866–874

28 Jones, M.V. and Harrison, N.L. (1993) Effects of volatile anesthetics on
the kinetics of inhibitory postsynaptic currents in cultured rat
hippocampal neurons. J. Neurophysiol. 70, 1339–1349

29 Semyanov, A. et al. (2004) Tonically active GABAA receptors:
modulating gain and maintaining the tone. Trends Neurosci. 27,
262–269

30 Bai, D. et al. (2001) Distinct functional and pharmacological proper-
ties of tonic and quantal inhibitory postsynaptic currents mediated by
g-aminobutyric acidA receptors in hippocampal neurons. Mol.
Pharmacol. 59, 814–824

31 Caraiscos, V.B. et al. (2004) Tonic inhibition in mouse hippocampal
CA1 pyramidal neurons is mediated by a5 subunit-containing
g-aminobutyric acid type A receptors. Proc. Natl. Acad. Sci. U. S. A.
101, 3662–3667

32 Caraiscos, V.B. et al. (2004) Selective enhancement of tonic GABAergic
inhibition in murine hippocampal neurons by low concentrations of
the volatile anesthetic isoflurane. J. Neurosci. 24, 8454–8458

33 Mihic, S.J. et al. (1997) Sites of alcohol and volatile anaesthetic action
on GABAA and glycine receptors. Nature 389, 385–389

34 Koltchine, V.V. et al. (1999) Agonist gating and isoflurane potentiation
in the human GABAA receptor determined by the volume of a TM2
residue. Mol. Pharmacol. 56, 1087–1093

35 Krasowski, M.D. et al. (2001) Methionine 286 in transmembrane
domain 3 of the GABAA receptor b subunit controls a binding cavity for
propofol and other alkylphenol general anesthetics. Neuropharma-
cology 41, 952–964

36 Belelli, D. et al. (1997) The interaction of the general anesthetic
etomidate with the g-aminobutyric acid type A receptor is influenced
by a single amino acid. Proc. Natl. Acad. Sci. U. S. A. 94, 11031–11036

37 Wick, M.J. et al. (1998) Mutations of GABA and glycine receptors
change alcohol cutoff: evidence for an alcohol receptor? Proc. Natl.
Acad. Sci. U. S. A. 95, 6504–6509

http://www.sciencedirect.com


Review TRENDS in Pharmacological Sciences Vol.26 No.10 October 2005510
38 Jenkins, A. et al. (2001) Evidence for a common binding cavity for
three general anesthetics within the GABAA receptor. J. Neurosci. 21,
RC136

39 Bali, M. and Akabas, M. (2004) Defining the propofol binding site
location on the GABAA receptor. Mol. Pharmacol. 65, 68–76

40 Williams, D.B. and Akabas, M.H. (1999) GABA increases the water-
accessibility of M3 membrane-spanning residues in GABA-A
receptors. Biophys. J. 77, 2563–2574

41 Trudell, J.R. and Harris, R.A. (2004) Are sobriety and consciousness
determined by water in protein cavities? Alcohol. Clin. Exp. Res. 28,
1–3

42 Kruse, S.W. et al. (2003) Structure of a specific alcohol-binding site
defined by the odorant binding protein LUSH from Drosophila
melanogaster. Nat. Struct. Biol. 10, 694–700

43 Yamakura, T. et al. (2001) Anesthetics and ion channels: molecular
models and sites of anesthetic action. Annu. Rev. Pharmacol. Toxicol.
41, 23–51

44 Johansson, J.S. et al. (2000) A designed four-alpha-helix bundle that
binds the volatile general anesthetic halothane with high affinity.
Biophys. J. 78, 982–993

45 Unwin, N. (2005) Refined structure of the nicotinic acetylcholine
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