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Abstract
Although it has been more than 165 years since the 
first introduction of modern anesthesia to the clinic, 
there is surprisingly little understanding about the ex-
act mechanisms by which general anesthetics induce 
unconsciousness. As a result, we do not know how 
general anesthetics produce anesthesia at different 
levels. The main handicap to understanding the mech-
anisms of general anesthesia is the diversity of chemi-
cally unrelated compounds including diethyl ether and 
halogenated hydrocarbons, gases nitrous oxide, ket-
amine, propofol, benzodiazepines and etomidate, as 
well as alcohols and barbiturates. Does this imply that 
general anesthesia is caused by many different mecha-
nisms? Until now, many receptors, molecular targets 
and neuronal transmission pathways have been shown 
to contribute to mechanisms of general anesthesia. 
Among these molecular targets, ion channels are the 
most likely candidates for general anesthesia, in partic-
ular γ-aminobutyric acid type A, potassium and sodium 
channels, as well as ion channels mediated by various 
neuronal transmitters like acetylcholine, amino acids 
amino-3-hydroxy-5-methyl-4-isoxazolpropionic acid or 
N-methyl-D-aspartate. In addition, recent studies have 
demonstrated the involvement in general anesthesia of 
other ion channels with distinct gating properties such 

as hyperpolarization-activated, cyclic- nucleotide-gated 
channels. The main aim of the present review is to 
summarize some aspects of current knowledge of the 
effects of general anesthetics on various ion channels.
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INTRODUCTION 
The start of  modern anesthesia, through the use of  
inhaled volatile anesthetics 150 years ago, dramatically 
revolutionized modern medicine. Dentist Dr. Horace 
Wells used nitrous oxide for a public demonstration of  
its powers of  intoxication. Another dentist, William Mor-
ton, took up Wells’ idea of  a gaseous anesthetic, together 
with the suggestion from Charles Jackson to use ether, to 
perform a widely known public demonstration of  ether 
anesthesia on 16 October, 1846.

The structural diversity of  general anesthetics, from 
simple chemically inert gases to complex barbiturates, has 
baffled anesthesiologists, and ideas about how these anes-
thetics might work have been correspondingly confused. 
In the early stages, the notion that anesthetics worked 
“nonspecifically” by dissolving in the lipid bi-layer por-
tions dominated. Although this simple idea could explain 
the structural diversity of  general anesthetics, it is now 
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generally accepted that anesthetics act by binding directly 
to sensitive target proteins.

Until now, many receptors, molecular targets and 
neuronal transmission pathways have been shown to 
contribute to general anesthesia. Among these molecular 
targets, ion channels are the predominant candidates for 
general anesthetic effect, in particular γ-aminobutyric 
acid type A (GABAA), potassium and sodium channels 
and ion channels activated by acetylcholine, amino-3-
hydroxy-5-methyl-4-isoxazolpropionic acid or N-methyl-
D-aspartate. In addition, some other ion channels such 
as hyperpolarization activated cyclic nucleotide (HCN) 
channels are also involved in general anesthesia (Table 1). 

The main aim of  the present review is to summarize 
some aspects of  current knowledge about the function 
of  general anesthetics at different ion channels.

GABAA RECEPTORS AND GENERAL 
ANESTHESIA
Structure and function of the GABAA receptor
The GABAA receptor is composed of  five different 
subunits (α1-6, β1-3, γ1-3, δ, ε, φ, π and ρ1-3) which are 
encoded by at least 19 mammalian genes, with additional 
diversity arising in certain regions[1]. In most GABAA re-
ceptors, the most common combination of  subunits is α, 
β, and γ, with a ratio of  2:2:1 although the γ subunit may 
be replaced by δ or ε subunits, particularly in brain re-
gions, as shown in Figure 1. These GABAA receptor sub-
units are densely packed in the cortex, and receptors with 
the γ2 subunit comprise more than 40% of  all GABAA 
receptors in the brain[2].

The GABA system is the main inhibitory neurotrans-
mitter pathway in the CNS of  mammalian brain, and 
one-third of  all synapses are GABAergic[3]. The GABA 
system induces inhibition of  the central nervous system 
by generating fast, transient inhibitory postsynaptic cur-
rents. Activation of  GABAA receptors decreases excit-
ability of  the neurons by an influx of  chloride, hyperpo-
larization of  the membrane, and shunting of  excitatory 
input. This synaptic inhibition of  the GABA system 
maintains neuronal communication and induces precise 
timing of  action potentials and synchronization of  neu-
ronal populations[4,5]. For many years, enhancement of  
fast inhibition at synapses was widely regarded as the 
dominate mechanism underlying the effects of  many 
GABAergic drugs.

The α1 and β2 subunit-containing GABAA receptors 
in the cortex are thought to contribute to the sedative ac-
tions of  several inhaled anesthetics. Some studies of  tool 
drugs indicate the important role of  GABA receptors 
and its subunits in the anesthetic effect. Tonic current in 
the thalamic VB neurons may contribute to the sedative 
action of  4,5,6,7-tetrahydroisoxazolo(5,4-c)pyridin-3-
ol (THIP). Although THIP is not commonly used as an 
anesthetic, it promotes slow wave sleep and produces an-
algesic, sedative, hypnotic actions and ataxic properties[6]. 
GABAA receptors that contain the α4 and δ subunit 

appear to contribute to the sedation effects of  THIP. At 
low concentrations, THIP strongly potentiates the activ-
ity of  GABAA receptors containing the δ subunit, and 
enhances a tonic conductance generated by α4δ GABAA 
receptors[7]. Rotarod performance and spontaneous loco-
motor activity were unimpaired by THIP in α4 subunit 
knock-out mice[8], which suggests that α4δ subunit con-
taining GABAA receptors are necessary for the sedative 
and ataxic effects of  THIP. THIP enhanced the tonic but 
not the phasic GABAA receptor currents in VB neurons, 
and had no effect on nRT neurons[9]. Since the sedative 
actions of  THIP were absent in α4 knock-out mice, it is 
likely that the tonic current mediated by α4β2δ GABAA 
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Figure 1  Structure and function of γ- aminobutyric acid type A receptor. 
A: γ- aminobutyric acid type A (GABAA) receptors commonly contain two α 
subunits, two β subunits and one γ subunit. Chloride influx through the pore 
could hyperpolarize the postsynaptic membrane; B: Left: Extra-membrane 
region of GABAA receptor. The binding sites for GABA are located between α 
and β subunits and the binding site for benzodiazepines is located between γ 
and α subunits; Right: Trans-membrane region of GABAA receptor. Four trans-
membrane segments form the α subunit. It has been shown that the trans-
membrane segment of β subunit is the binding site for propofol and etomidate. 
This binding site is close to a binding site for volatile anesthetics; C: Activation 
of the GABAA receptor could increase conductance of the postsynaptic mem-
brane and alter the potential of the membrane because of influx of chloridion. 
Synaptic receptors could detect GABA at mmol concentration to produce fast 
inhibitory postsynaptic potentials (IPSPs), and extra-synaptic receptors that 
detect GABA at μmol concentrations to produce slower IPSPs.
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receptors in VB neurons contributes to anesthetic seda-
tion.

Actions of general anesthetics on GABAA receptors
The enhancement of  GABA-activated chloride currents 
is the main effect of  some intravenous general anesthetic 
such as propofol and etomidate, decreasing neuronal 
activity by producing hyperpolarization of  the neuronal 
membrane. This is in agreement with the finding that 
etomidate-mediated sedation also depends on GABAA 
receptors containing the β2 subunit[9,10], although the spe-
cific contribution of  thalamic β2 subunits to this effect is 
uncertain. Propofol and etomidate also enhance function 
of  GABAA receptors to produce immobility[11-13]. In con-
trast, gaseous general anesthetics such as xenon, nitrous 
oxide, cyclopropane as well as ketamine have minimal or 
no effect on GABAA receptor subtypes[14-18].

Compared to other general anesthetics, volatile an-
esthetics show low potency to a variety of  receptors at 
clinical concentrations[19]. As a result, the determination 
of  the specific sites of  effect of  volatile anesthetics is a 
challenge. In addition, behavioral evaluation with volatile 
anesthetics has some obvious practical difficulties. Even 
with these handicaps, it has been demonstrated by some 
carefully designed studies that isoflurane anesthesia is me-
diated by GABAA receptors. Volatile anesthetics at clini-
cal concentrations could activate GABAA receptors both 
in vitro and in vivo, using heterologous expression systems 
and the postsynaptic membrane, respectively[20,21]. The 
depressive effects of  isoflurane, enflurane and halothane 
on rat neocortical neuron activity were studied using in 
vivo recordings of  spontaneous action-potential firing and 
in vitro recordings from isolated cortical networks. Seda-
tive concentrations of  isoflurane, enflurane and halo-
thane similarly reduced the firing of  spontaneous action 
potentials in vivo and in vitro by approximately 50%. This 
reduction in neuronal firing strongly correlated with an 
increase in GABAergic synaptic inhibition. Anesthetics 
prolonged the time course of  GABAA receptor-mediat-
ed spontaneous IPSCs from pyramidal neurons in organ 
cortical cultures with no effect on their frequency or peak 
amplitude. 

At the spinal level the role of  inhibitory GABAA 
receptors on anesthetics actions has been extensively 
studied. With the evaluation of  motor response, MAC 
of  volatile anesthetics was more significantly affected 
by spinal injections of  glycine receptor antagonists than 
GABAA receptor antagonists[22]. 

For many years, the binding site of  GABAA receptor 
for volatile anesthetics is still unclear. The binding site for 
volatile anesthetics on the GABAA receptor was deter-
mined to be a binding pocket for volatile anesthetics, by 
complementary site directed mutagenesis, using general 
anesthetics of  varying molecular size[23]. With the finding 
of  a binding pocket for general anesthetics, the long-held 
assumption that general anesthetics worked by a nonspe-
cific mechanism was overturned. Dramatic progress has 
been made in dissecting the behavioral effects of  general 

anesthetics, in particular the subunit combination of  
GABAA receptors, on anesthetic effect. GABAA recep-
tors containing the α1β2γ2 subunits are enriched at syn-
aptic sites throughout the brain[24]. This suggests that the 
enhancement of  synaptic activity within the cortex could 
be responsible for anesthetic sedation. The contribution 
of  the cortex to the sedative properties of  inhaled an-
esthetics was studied by Hentschke and colleagues[25]. In 
recent studies, an anesthetic binding cavity for volatile an-
esthetics has been identified, critically involving in the α1 
subunit[26,27]. Rudolph et al[28], reported that animal behav-
ioral patterns induced by benzodiazepine were moderated 
by a point mutation on the mouse α1 GABAA subunit. 
At the same time, barbiturates directly activate and in-
hibit GABAA receptors by means of  positive allosteric 
modulation depending on their concentration at the re-
ceptor. In addition, a mutation in the GABAA α subunit 
was identified that abolishes the action of  barbiturates, 
although, the potentiating by etomidate on GABAA 

receptors was not affected. Furthermore, enhancement 
of  GABAA mediated transmissions was also affected by 
alcohol, indicating an important role of  alcohol in medi-
ating its intoxicating effects[29].

The biophysical profile of  GABA receptors and 
their sensitivity to general anesthetics can be dramati-
cally altered by subunit composition[30]. Using chimerical 
channel construction, Mihic and colleagues discovered a 
domain, relevant for mediating the effect of  volatile an-
esthetics and etomidate[29], but not propofol[27]. Two key 
amino acids in GABAA receptor subunits were found to 
be involved in their interaction with volatile anesthetics. 
These amino residues may contribute to the molecular 
binding pockets for general anesthetics[31]. According to 
important studies, two amino acids in the α1 subunit are 
the most critical points for general anesthetic effect[27]. 
Serine 270 is in the trans-membrane segment and while 
Alanine 291 is near the extracellular regions. For GABAA 
receptors, replacing Ser 270 with larger amino acid resi-
dues in the α1 subunit resulted in a decrease of  sensitiv-
ity to volatile anesthetics[26,31], while replacement with 
smaller residues resulted in the opposite effect[26]. Also, 
replacing the α1 Ser270 residue with histidine resulted 
in recombinant heteromeric GABAA receptors that 
were insensitive to isoflurane[26]. However, an additional 
change to the GABAA receptors, introduced by the α1 
(Ser270His) mutation, complicated the interpretation of  
receptor pharmacology[32]. This problem was addressed 
by introducing an additional mutation into the α1 sub-
unit, whereby the leucine residue at position 277 was 
replaced with alanine. This double knock-in mutation, α1 
(Ser270His, Leu277Ala), restored normal sensitivity to 
GABA[29]. These mutations laid the foundation for gener-
ating knock-in mice that were partially insensitive to iso-
flurane. Mice with a double knock-in mutation were used 
to explain the interaction between GABAA receptors 
containing α1 subunits to isoflurane anesthesia[33]. Some 
studies demonstrated that double-mutant mice expressing 
the α1 (Ser270His, Leu277Ala) subunit was less sensitive 

82 June 4, 2012|Volume 1|Issue 3|WJCCM|www.wjgnet.com

Zhou C et al . General anesthesia and ion channels



to isoflurane, compared to wild-type controls, indicating 
the important role of  α1 subunit in the hypnotic effect 
of  isoflurane. Interestingly, according to the tail clamp 
test, the immobilizing effect of  isoflurane was not af-
fected in these double-mutant mice. Using cued and con-
textual fear conditioning, the amnesic effect of  isoflurane 
was also unaffected in the α1 (Ser270His, Leu277Ala) 
mice, comparing to wild-type control, indicating that this 
subunit is not critical for amnesia induced by isoflurane. 
This last finding is in contrast to previous work using 
mouse mutants in which the α1 subunit was knocked 
out either globally or in the forebrain alone[34]. In other 
studies with the α1 subunit knock-out mice, the amnesic 
effect induced by isoflurane was impaired, indicating the 
role of  α1 subunit in isoflurane amnesia. At the same 
time, the β subunit of  GABAA receptors is also impor-
tant to the binding site of  volatile anesthetics, as well as 
for the behavioral effects of  volatile anesthetics[27,35]. In 
addition, on the β3 subunit when the asparagine residue 
at position 265 was replaced with methionine or the me-
thionine at position 286 with tryptophan, GABA current 
potentiated by enflurane was reduced[35]. With β3 (Asn-
265Met) knock-in mice, isoflurane is slightly less effect 
at inhibiting the righting reflex in β3 (Asn265Met) mice, 
suggesting the role of  the β3 subunit in isoflurane hyp-
nosis. The immobility induced by isoflurane, however, is 
significantly impaired in these knock-in mice, as measured 
by hind limb or tail clamp withdrawal reflex. Additionally, 
in β3 (Asn265Met) mice, heart rate and core temperature 
were decreased less by isoflurane[36], indicating the role of  
the β3 subunit in the effect of  isoflurane on circulation. 
Therefore, neuronal depressive effect and cardiovascular 
effects induced by volatile anesthetics might be mediated 
by distinct GABAA receptor subunits[37].

Knock-in mutant mice have been used to determine 
the GABAA subunits responsible for the sedative and 
hypnotic actions of  etomidate. Some studies indicate that 
amnesic effect induced by etomidate might contribute to 
the α5 GABAA receptors in hippocampal region, while 
the sedative effect of  etomidate might be due to other 
GABAA receptor isoforms. GABAA receptors with some 
structural modifications (the asparagine at position 265 in 
the β2 or β3 subunits was replaced with serine or methio-
nine, respectively) were insensitive to etomidate in vitro[9,10]. 
Etomidate showed low efficacy in reducing spontaneous 
loco-motor activity in β2 (Asn265Ser) knock-in mice, in-
dicating that GABAA receptors with the β2 subunit were 
important for the sedative effect of  etomidate[9]. 

In other studies, sedative property of  diazepam has 
been demonstrated to be mediated by the α1 subunit of  
GABAA receptors. With some different features from 
general anesthetics, diazepam produces a sedative effect. 
GABAA receptors which contained a histidine to argi-
nine mutation at position 101 of  the α1 subunit were in-
sensitive to diazepam in vitro[28]. Behavioral tests indicated 
that the sedative effect induced by diazepam were elimi-
nated in knock-in mice that expressed the α1 (His101Arg) 
mutation[28].

Some other types of  GABAA receptors, such as the 
extra junction GABAA receptors, could be activated by 
GABA at very low concentrations. Junction GABAA 
receptors are widely expressed in important brain regions 
including the hippocampus, thalamus, cortex and cer-
ebellum. Currents mediated by these junctions GABAA 
receptors are affected by volatile anesthetics at low con-
centrations[38].

Neuroprotection of anesthetics involve in action of 
GABA receptors
Recent studies have shown that general anesthetics could 
produce significant neural protection and/or induce a 
preconditioning effect against ischemia/reperfusion in-
duced injury. Propofol, a potent antioxidant, has been re-
ported to have neural protective effects, reducing cerebral 
blood flow and intracranial pressure. Many studies have 
indicated that propofol pretreatment significantly im-
proves post-resuscitation recovery of  neuronal functions. 
Recent studies have suggested that during the process of  
resuscitation, the effect of  GABAA changes from inhibi-
tory to excitatory, through a mechanism that is closely 
associated with activation of  microglia and down regula-
tion of  the K+-Cl- transporter. It has been demonstrated 
that propofol might protect the neurons by inhibiting the 
transition of  GABAergic inhibition into excitation during 
resuscitation.

POTASSIUM CHANNELS AND GENERAL 
ANESTHESIA
Structure and function of potassium channels
Mammalian K+ channel subunits contain two, four or 
six/seven transmembrane segments, as shown in Figure 2. 
Members of  the two and six/seven transmembrane seg-
ments classes are characterized by the presence of  a single 
pore-forming (P) domain, whereas the more recently dis-
covered four transmembrane segment subunits contain 
two P domains that are arranged in tandem[39-43]. Back-
ground K+ channels are transmembrane K+-selective ionic 
pores that are constitutively open at rest and are central to 
neural function. Background K+ channels and their regula-
tion by membrane-receptor-coupled second messengers, as 
well as pharmacological agents, are therefore important in 
tuning neuronal resting membrane potential, action poten-
tial duration, membrane input resistance and, consequently, 
regulating transmitter release[44,45].

Background K+ channels are composed of  K2P chan-
nel subunits, previously called KCNKx subunits, or tan-
demly arranged P domains in weak inwardly rectifying K+ 
channel (TWIK) subunits. Two-pore-domain K+ (K2P) 
channel subunits are made up of  four transmembrane 
segments and two pore-forming domains that are ar-
ranged in tandem and function as either homo-or het-
erodimeric channels. This structural motif  is associated 
with unusual gating properties, including background 
channel activity and sensitivity to membrane stretch. In 
one-pore-domain K+ (K1P) channels, four matching P 
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loops are assembled in homo- or heterotetramers (all 
subunits have a similar P domain sequence, which con-
tains the residues GYG or GFG), whereas in the dimeric 
K2P channels, the first pore (P1) and P2 domains have 
different sequences as exemplified by TWIK1 or TWIK-
related acid-sensitive K+ 1 (TASK1)[46]. Many K2P chan-
nels have a phenylalanine or a leucine in the GXG motif  
(where X represents any amino acid) of  the selectivity 
filter in the P2 domain instead of  a tyrosine[40-41,46]. There-
fore, in K2P channels, the pore is predicted to have a two-
fold symmetry rather than the classical four-fold arrange-
ment of  other K+ channels. Although the selectivity of  
K2P channels for K+ over Na+ is high [permeability ratio 
(PNa/PK) < 0.03], these structural differences suggest a 
more varied permeation and gating compared with K1P 
channels[39]. K2P channels, including TASK1 and TWIK-
related K+ 1 (TREK1), present an instantaneous current 
component and a second time-dependent component in 
response to depolarization[47,48]. Furthermore, TREK1 
shows a strong outward rectification in a symmetrical K+ 
gradient instead of  the linear current to voltage relation-
ship predicted by the GHK equation[49,50]. The outward 
rectification of  TREK1 is attributed to an external Mg2+ 
block, which is present at negative membrane potentials, 
and to an intrinsic voltage- dependent mechanism[49,50]. 
Transfection of  TREK1 (either splice variant) in HEK 
cells surprisingly produces two populations of  channels 
with different single-channel conductance (about 40 pS 
and 100 pS in a symmetrical K+ gradient)[51]. Therefore, 

K2P channels diverge from the constant-field GHK cur-
rent formulation and are characterized by complex per-
meation and gating mechanisms[49,52].

Recent in vivo studies have demonstrated that TREK1, 
the most thoroughly studied K2P channel, has a key role 
in the cellular mechanisms of  neuronal protection, an-
esthesia, pain and depression[53]. Mechano-gated and 
acid-activated TREK1 and TREK2 are the hypothetical 
functional homologues of  the Aplysia S-type background 
K+ channel[53,54]. Recently, genetic inactivation of  TREK1 
in the mouse has revealed the potential involvement of  
this K2P channel in a range of  neuronal disease states, 
including pain, ischemia, epilepsy and depression[55-57]. 
Human TREK1 is highly expressed in the brain, where it 
is particularly abundant in γ-aminobutyric acid-containing 
interneurons of  the caudate nucleus and putamen[58]. 
TREK1 is also expressed in the prefrontal cortex, hip-
pocampus, hypothalamus, midbrain serotonergic neurons 
and sensory neurons of  the dorsal root ganglia[55,59-61]. 
TREK1 is a signal integrator responding to a wide range 
of  physiological and pathological inputs.

Actions of general anesthetics on potassium channels
K2P channels are modulated by a variety of  cellular lipids 
and pharmacological agents, including polyunsaturated 
fatty acids and volatile general anesthetics. Franks et al[62] 
identified isoflurane-activated a potassium current in 
specific neurons of  the freshwater snail Lymnaea stagnalis. 
This current had the characteristics of  a leak or back-
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ground K+ channel because it lacked voltage-dependent 
activation, was non-inactivating and passed currents 
closely as predicted by the Goldman-Hodgkin-Katz equa-
tion for ion conduction through a passive, K+-selective 
pore. The Lymnea stagnalis IKAn channel, which has bio-
physical properties very close to the TREK-1 channel, is 
activated in a range of  volatile anesthetic concentrations 
corresponding to those needed to produce anesthesia in 
this mollusc[63]. It was therefore important to establish 
whether the same close relationship between drug effica-
cy and anesthetic properties would hold true for humans. 
Most of  the experiments have used mouse TREK-1, for 
which there is abundant biophysical information[54,60]. 
However, cloned human TREK-1 channel, which like the 
mouse TREK-1, was also expressed abundantly in brain 
and had the same biophysical properties and sensitivity 
to arachidonic acid and polyunsaturated fatty acids. The 
effect of  anesthetics on this channel was examined with 
exactly the same techniques that were used for the Lymnea 
channel[63]. At half-maximal concentrations of  volatile an-
esthetics used in human general anesthesia[63] (chloroform, 
0.79 mmol, halothane, 0.21 mmol, isoflurane, 0.31 mmol), 
the human TREK-1 channel was markedly activated. 
Subsequently, a unique family of  K subunits with two 
pore-lining sequences (K2P channels) was discovered that 
had a wide phylogenetic range and was activated by vola-
tile anesthetics at clinically relevant concentrations[64-66]. 
Activation of  these background K+ channels in response 
to volatile anesthetics results in hyperpolarization and 
silencing of  neuronal activity[62,67]. Members of  the fam-
ily can also be activated by xenon[68] and nitrous oxide[69], 
and differentially activated by isoflurane stereoisomers[70]. 
C-terminal regions were critical for anesthetic activation 
in both TASK and TREK channels. Thus both TREK 
and TASK are possibly important target sites for these 
agents[64]. Whole-cell patch-clamp experiments showed 
that chloroform strongly and reversibly activates TREK-1 

expression in transfected cells, and this activation was 
dose dependent, whereas it depressed TASK only slightly 
and did not affect TRAAK. Chloroform induced a typi-
cal TREK-1 background current, characterized by out-
ward rectification that reversed at the predicted value for 
EK+. Chloroform reversibly and reproducibly hyperpolar-
ized COS cells expressing TREK-1. Both TREK-1 and 
TASK, but not TRAAK, were opened by halothane. Hal-
othane-induced TASK current had outward rectification 
and reversed at the predicted value for EK+. The effects 
of  halothane on TASK were rapid and completely revers-
ible. Isoflurane, like halothane, activated both TREK-1 
and TASK channels without altering TRAAK conduc-
tance. Like chloroform, diethyl ether opened TREK-1 
and did not affect TRAAK, whereas it decreased TASK 
activity.

In excised outside-out patches, activation by volatile 
anesthetics was not mediated by second-messenger path-
ways[64]. A 48-pS TREK-1 channel was opened reversibly 
and in a dose-dependent manner by halothane. No chan-
nel activity was observed in the absence of  anesthetic, 
suggesting that halothane converts inactive channels 
into active ones. The current-voltage (Ⅰ-Ⅴ) curve of  
the chloroform-sensitive current in an outside-out patch 
showed the outward rectification previously observed in 
whole-cell recordings. In the inside-out patch configura-
tion, halothane reversibly opened a 12-pS TASK channel. 
Without anesthetic, a single TASK channel opened and 
addition of  halothane induced the opening of  a second 
channel, which closed again after washout. 

Residues in TREK-1 and TASK proteins that are 
involved in activation by chloroform and halothane 
were identified using deletions and chimeras. A dele-
tion of  the first 42 amino acids in the amino N-terminal 
region of  TREK-1 affected neither anesthetic-induced 
nor basal channel opening, suggesting that the amino 
terminus is not important for anesthetic-induced activa-
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Table 1  The effects of general anesthetics on ion channels

Volatile anesthetics Intravenous anesthetics

Halothane Isoflurane Enflurane Ether Ethanol Propofol Etomidate Ketamine Phentobarbital Benzodiazepine 

GABAA + + + + + + + -- + +
   hα1β1 + + +
   hα1β2 + + + + + + +
   hα1β1γ2 + + + + + +
   hα1β2γ2 + + +
NMDA -- -- -- -- -- --
AMPA/Kainate
   GluR1 -- --
   GluR3 -- -- -- --
   GluR2 + 3 -- -- -- --
   GluR6 + + + -- + --
K+

   KV -- -- -- -- --
   TREK +/-- +/-- +/-- +/-- +/--
HCN -- -- -- --
Na+ -- -- -- -- -- --

+: Effect of agonist; --: Effect of antagonist; GABAA: γ-aminobutyric acid type A.
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tion. In contrast, deletion of  the last 48 amino acids in 
the C-terminal region of  TREK-1 (TR322) completely 
suppressed responses to both chloroform and halothane, 
although it did not affect the basal channel activity. Fus-
ing the C-terminal region of  TASK to TR324 did not 
affect basal activity or restore activation by anesthetics. 
Further deletion of  the C-terminal 72 amino acids in 
TREK-1 completely abolished both basal and anesthetic-
stimulated channel activity. Fusing the C-terminal portion 
of  TASK to TR298 restored basal but not anesthetic-
stimulated channel activity. These results demonstrate 
that anesthetic-mediated TREK-1 opening depends criti-
cally on the C-terminal 48 amino acids of  the channel[64]. 
Deletion of  the last 147 amino acids in the C-terminal re-
gion of  TASK did not alter halothane sensitivity, whereas 
further deletion abolished both basal and halothane 
induced channel activation. When the C-terminal portion 
of  TREK-1 was fused to TASK, basal but not halothane-
induced activity was recovered. These results imply that 
the region of  TASK located between residues 242 and 
248 confers sensitivity to halothane[64]. Fusion of  the last 
48 amino acids of  TREK-1 to TASK does not confer 
sensitivity to chloroform. Moreover, fusion of  the last 
78 residues of  TREK-1 to the anesthetic-resistant chan-
nel TRAAK provided no sensitivity to halothane or to 
chloroform, although the chimera had a prominent basal 
activity. Introducing the C-terminal portion of  TREK-1 
has been shown to be essential for both chloroform and 
halothane. This suggests that the C-terminal region is 
not the only structural element that confers chloroform 
sensitivity to TREK-1. Inhalational anesthetics have been 
proposed to act by binding directly to critical sites on tar-
get neuronal proteins[71]. The requirement of  segments of  
the protein sequences situated at the C-terminal of  both 
TREK-1 and TASK for their sensitivity to halothane and 
chloroform is an indication that anesthetics may bind 
directly to the channels themselves. However, the pos-
sibility remains that these anesthetics bind elsewhere on 
TASK and TREK-1, and that the identified portions of  
the C-terminal simply transduce these effects.

Evidence from K2P knock-out mice has further impli-
cated these channels in the mechanism of  action of  vola-
tile anesthetics. TREK-1 knockout mice were resistant to 
the effects of  volatile anesthetics as determined by the 
standard MAC assay[57]. Knock-out mice in which other 
members of  K2P channel family have been inactivated 
(TASK-1 and TASK-3) also show some resistance to the 
anesthetizing action of  volatile anesthetics.

Additional studies with multiple K2P knock-outs will 
be needed to understand their full importance. Kv chan-
nels were first isolated from mutant Drosophila that dis-
played an abnormal ‘shaking’ reaction upon exposure to 
ether[72]. The Shaker phenotype arose from inactivation 
of  a voltage-gated K+ channel gene, but in vitro studies of  
the effects of  anesthetics on this channel family found 
them to be inhibited at supra-clinical anesthetic concen-
trations[73,74]. Other potential K+ channel targets include 
voltage-gated K+ channels (Kv) and ATP-activated K+ 

channels (KATP). However, administration of  KATP chan-
nel blocking drugs into the neuro-axis did not change 
isoflurane MAC[75]. Thus, the primary focus of  the an-
esthetic mechanism involving K+ channels remains on 
background K+ channels.

Some potassium channels are known to play benefi-
cial roles in general anesthesia, cardioprotection and neu-
ro-protection. K2P channels are thought to regulate mem-
brane excitability. In CNS, the TREK channels could be 
activated by membrane stretch, temperature and H+. It 
has been shown that TREK channels could be activated 
by some polyunsaturated fatty acids and volatile general 
anesthetics which lead to neuro-protective effect. Accord-
ing to a recent study with knockout animals, TREK-1 
channels might play an important role in the general an-
esthetic effect of  volatile anesthetics such as halothane, 
providing an explanation for the neuro-protective effect 
of  general anesthetics.

Potassium channels have been thought to regulate 
potential in the mitochondrial membrane, respiration 
rhythmic generation and ion homeostasis. For neuro-
protective effects, some potassium channels have been 
identified in the inner mitochondrial membrane: the KATP 
channel, the BK (Ca2+) channel (large conductance Ca2+ 
regulated K+ channels), the voltage-gated K+ channel 
1.3 (Kv1.3) channel, as well as the TASK-3 channel. It has 
been demonstrated that potassium influx to the brain mi-
tochondria by the KATP channel or the BK channel could 
produce neuro-protective effects on neuron survival un-
der ischemia.

GLUTAMATERGIC ION CHANNELS
Structure and function of glutamatergic ion channels
Glutamate transporters, also called excitatory amino acid 
transporters, bind and take up extracellular glutamate, a 
major excitatory neurotransmitter, and regulate glutama-
tergic neurotransmission in synapses. Glutamatergic neu-
rotransmission can be activated by three distinct families 
of  ligand-gated ion channels: AMPA, kainate and NMDA 
receptors. Among these ligand-gated ion channels, the 
NMDA receptor is most important and well-established 
class.

NMDA is an important chemical molecule (ligand) 
that selectively acts on the glutamate NMDA recep-
tor (NMDAR). It has been widely demonstrated that 
NMDARs are important for basic brain function and 
play a critical role in learning and cognition, memory, and 
the development of  central nervous system hyperactive 
states. Various chemicals belonging to many drug families 
have been demonstrated to be NMDAR antagonists.

Actions of general anesthetics on glutamatergic ion 
channels
Anesthesia, although its exact mechanism is still unclear, 
is thought to be induced by enhancement of  inhibitory 
neurotransmission or inhibition of  excitatory neuro-
transmission. Block of  AMPA receptors can decrease 
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MAC of  halothane by 60%[76,77]. Some gaseous anesthet-
ics such as cyclopropane, xenon and nitrous oxide, as 
well as the intravenous anesthetic ketamine have been 
shown to reduce excitatory or glutamate mediated syn-
aptic transmission by blocking NMDA receptors on the 
postsynaptic membrane[14-18]. In addition, both urethane 
and enflurane have been found to inhibit excitatory flow 
in NMDA-expressing Xenopus Oocytes by acting with 
NMDA receptors[78,79]. Hollmann et al[80] demonstrated 
the reversible dose-dependent inhibition of  recombinant 
NMDA receptors by various volatile anesthetics including 
isoflurane, sevoflurane and desflurane. These in vitro stud-
ies indicate a postsynaptic role of  glutamate receptors in 
general anesthesia. Volatile anesthetics may also reduce 
the excitatory glutamatergic transmission by presynaptic 
inhibition[81]. However, some studies with knockout mice 
have failed to find an obvious role of  NMDA receptors 
on anesthetics actions in vivo[82-84].

Although MAC is believed to predominantly reflect 
nocuous reaction at the spinal cord level, results suggests 
that pharmacologic blockade of  glutamatergic neuro-
transmission is sufficient to result in deep anesthesia. 
Further, the effect of  combinations of  NMDA and 
AMPA receptor antagonists on halothane MAC is con-
sistent with an in vivo physiological interaction between 
the NMDA and AMPA receptors[85]. With the use of  the 
NMDA antagonist magnesium sulfate during general 
anesthesia for shockwave lithotripsy, a magnesium bolus 
and infusion can be utilized to reduce analgesic require-
ments[86].

A theory of  anesthesia involving NMDA receptors 
has been presented, consisting of  four hypotheses[87]: (1) 
The formation of  transient higher-order, self-referential 
mental representations contribute to the states of  con-
sciousness. As a result, the brain’s representational activ-
ity falls below a critical threshold may lead to loss of  
consciousness; (2) Higher-order mental representations 
are initiated by neural cell assemblies; (3) the activation of  
the NMDA receptor channel complex is involved in the 
formation of  such cell assemblies. The activation of  this 
receptor determines the rate at which such assemblies are 
generated; and (4) Modification of  NMDA-dependent 
processes is the final common pathway of  anesthetic ef-
fect. Therefore, the agents which directly inactivate the 
NMDA synapse obviously have anesthetic potential; 
while the agents that do not directly affect the NMDA 
synapse will also exert an anesthetic effect if  they inhibit 
NMDA-dependent processes[87]. For example, halothane 
anesthesia changes the balance between NMDA medi-
ated cholinergic and GABAergic influences on dopamine 
release and metabolism. Differential sensitivity to halo-
thane of  NMDA receptors expressed by the neurons 
mediating these modulatory influences, or loss of  specific 
NMDA receptor populations through voltage-dependent 
Mg2+ block under anesthesia, could underlie these obser-
vations[88].

The molecular action of  xenon and isoflurane in 
inhibiting NMDA receptors occurs by binding to the 

glycine co-agonist site[89]. This finding may lead to the de-
sign of  new anaesthetics, as some clinically well-tolerated 
neuronal protective compounds are also known to bind 
to this site.

HCN CHANNELS
Structure and function of HCN channels
HCN gated channels conduct HCN current (If  or Ih), 
that contributes to multiple membrane properties gov-
erning cellular excitability[90-92]. Since its first description in 
1979[93], extensive work on the If current has amply dem-
onstrated its role in the generation and neurotransmitter-
induced modulation of  pacemaker activity in the heart[94] 
(Figure 3).

HCN currents are encoded by the four member hy-
perpolarization activated, cyclic nucleotide-regulated gene 
family (HCN1-4) with a single channel being composed 
of  a homomeric or heteromeric assembly of  four HCN 
subunits[92]. Cloning of  four isoforms of  HCN channels 
in the late 1990s showed their correlation to native HCN 
channels. HCN channels are unevenly distributed on 
the cell membrane; for example, HCN1 is preferentially 
expressed on distal dendritic membranes of  pyramidal 
cells in the cortex and hippocampus. Comparison of  the 
properties of  native pacemaker channels with those of  
HCN channels has provided information concerning the 
composition and molecular features of  native channels 
in different cardiac regions. In addition, HCN channels 
conduct a cationic current If  that contributes to auto-
rhythmicity in both the brain and heart. Consistently, 
dendritic Ih current density and amplitude increases as 
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Figure 3  The structure of Hyperpolarization activated cyclic nucleotide 
channels. Hyperpolarization activated cyclic nucleotide (HCN) channels are 
made of four subunits. Each subunit contained six trans-membrane segments 
and S4 acts as the voltage sensor. The pore and filter for ion selection is 
between S5 and S6. The C-terminal of the HCN channel domain includes the 
cyclic nucleotide-binding domain (bottom). The domain of the C-linker consists 
of six a-helices.
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one moves farther away from the soma[95-98]. Dendritic 
Ih normalizes temporal summation[95,97,99-100], disconnects 
somatic and dendritic spike initiation zones[97], and prob-
ably limits the development of  long-term potential[101]. 
For example, dendritic expression of  HCN1 normalizes 
somatic voltage responses and spike output in hippocam-
pal and cortical neurons. It was reported previously that 
HCN2 is predominantly expressed in dendritic spines in 
reticular thalamic nucleus (RTN) neurons, but the func-
tional impact of  HCN2 expression remains unknown.

HCN2 and HCN4 are the two major isoforms pres-
ent in the thalamic RTN[102], but the relative contribution 
of  the two isoforms to Ih in RTN neurons is unknown. 
Somatic Ih in RTN neurons is small even at hyperpolar-
ized membrane potentials[103,104]. HCN2 is the major 
isoform generating Ih in RTN because HCN2 deletion 
abolishes Ih and reproduces the effects of  the HCN 
channel blocker ZD7288 (4-ethylphenylamino-1, 2-di-
methyl-6- methylamino- pyrimidinium chloride). Func-
tional expression of  HCN2 in RTN constrains intrinsic 
excitability and ionotropic glutamate receptor-mediated 
synaptic integration, thereby reducing spike-dependent 
GABAergic output. Co-localization of  HCN2 channels 
and the AMPA receptor GluR4 subunit is evident in the 
spines of  RTN neurons, thus providing a structural basis 
for an interaction between intrinsic and synaptic conduc-
tance[105].

The relevance of  If  to pacemaker generation and 
modulation makes channels a natural target for drugs 
aiming to control heart rate pharmacologically. Agents 
which act by selective inhibition of  If  have been devel-
oped to reduce heart rate, and these drugs have a high 
potential for treatment of  diseases where heart rate 
reduction is beneficial, such as angina and heart failure. 
Devices which are able to replace electronic pacemak-
ers and are based on the delivery of  a cellular source 
of  pacemaker channels to non-pacing tissue (biological 
pacemakers) are likely to be developed in the near future 
for use in therapies for diseases of  heart rhythm[106].

Actions of general anesthetics on HCN channels
In the central nervous system, the inhibition of  HCN 
channels by general anesthetics has been suggested to 
contribute to their anesthesia actions. Inhibition of  ho-
momeric HCN1 channels is mediated by anesthetic asso-
ciation with the membrane embedded channel core, a do-
main that is highly conserved between this isoform and 
the relatively insensitive HCN2 and 4 subunits. Modeling 
of  the equilibrium and kinetic behavior of  HCN1 chan-
nels in the absence and presence of  anesthetic reveals 
that gating is best described by models wherein closed 
and open states communicate by a voltage-independent 
reaction with no significant equilibrium occupancy of  a 
deactivated open state at non-permissive voltages. Pro-
pofol modifies gating by preferentially associating with 
closed-resting and closed-activated states but a low af-
finity interaction with the activated open state shapes the 
effect of  the drug under physiological conditions. The 

mechanism of  HCN channel gating provides a frame-
work that will facilitate development of  propofol deri-
vates that have altered pharmacological properties and 
therapeutic potentials.

Activation of  native If  pacemaker channels and 
channels formed on heterologous expression of  some 
isoforms of  their pore forming HCN subunits, is inhib-
ited by the intravenous general anesthetic propofol (2, 
6-diisopropylphenol). Decoupling of  HCN channel gat-
ing from cAMP and internal protons reveals that changes 
in these second messengers are neither necessary nor 
sufficient to account for the actions of  propofol. Thus, 
propofol slows and hyperpolarizes activation of  HCN1 
channels but it has only weak or no effect on HCN2 and 
HCN4[107-109] whereas halothane hyperpolarizes HCN1 
but suppresses that maximal current carried by HCN2 
channels[110,111]. The voltage dependence of  If  activation is 
regulated by cAMP[92], internal protons (H+)[112] and sev-
eral signaling lipids[113-115]. The molecular basis by which 
lipid messengers alter channel function have not been 
established. Interestingly, in the case of  halothane, HCN 
isoform selectivity is dependent on the activation status 
of  the cAMP gating ring such that the responses of  
HCN1 and HCN2 channels are essentially identical when 
cAMP levels are high or the inhibitory effects of  the 
gating ring are eliminated by deletion[116]. Studies on the 
effects of  propofol on recombinant HCN1, HCN2, and 
HCN4 channels found that the drug inhibits and slows 
activation of  all three channels at clinically relevant con-
centrations. In Oocytes expression studies, HCN1 chan-
nel activation was most sensitive to slowing by propofol. 
HCN1 channels also showed a marked hyperpolarizing 
shift, induced by propofol, in the voltage dependence 
of  activation and accelerated deactivation. Furthermore, 
propofol reduced heart rate in an isolated guinea pig 
heart preparation over the same range of  concentrations. 
These data suggest that propofol modulation of  HCN 
channel gating is an important molecular mechanism 
that can contribute to the depression of  central nervous 
system function and also lead to bradyarrhythmias in pa-
tients receiving propofol during surgical anesthesia.

Conventional HCN1 knockout mice were used to 
test directly the contributions of  specific HCN subunits 
to the effects of  isoflurane, an inhalational anesthetic, 
on membrane and integrative properties of  motor and 
cortical pyramidal neurons in vitro. Compared with wild-
type mice, residual If from knockout animals was smaller 
in amplitude and presented with HCN2-like properties. 
Isoflurane increased temporal summation of  excitatory 
postsynaptic potentials (EPSPs) in cortical neurons from 
wild-type mice, an effect predicted by simulation of  
anesthetic-induced dendritic If  inhibition. Accordingly, 
anesthetic-induced EPSP summation was not observed 
in cortical cells from HCN1 knockout mice. In wild-
type mice, the enhanced synaptic summation observed 
with low concentrations of  isoflurane contributed to a 
net increase in cortical neuron excitability. HCN chan-
nel subunits have been shown to account for distinct 
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anesthetic effects on neuronal membrane properties and 
synaptic integration. Inhibition of  HCN1 by anesthetics 
in cortical neurons has been shown to contribute to the 
synaptically-mediated slow-wave cortical synchronization 
that accompanies anesthetic-induced hypnosis[111].

Na+ CHANNELS AND GENERAL 
ANESTHESIA
Structure and function of Na+ channels
Voltage-gated Na+ channels have received short shrift as 
possible anesthetic targets, mainly because early reports 
failed to demonstrate their significant effects in myelin-
ated axons. However, recently a variety of  evidence sup-
ports a role for sodium channels in general anesthesia.

The sodium channel family has nine homologous 
pore-forming α-subunits and these subunits show dis-
tinct cellular and sub-cellular distribution, depending on 
different species and tissues[117]. The pore forming com-
ponent of  sodium channels is a 260 kDa glycoprotein 
a-subunit, with large intracellular N- and C-terminal. Four 
internally homologous repeated domains are contained 
in this subunit (Ⅰ-Ⅳ) and over 50% of  the sequence of  
these domains has been identified. It has been demon-
strated that six segments (S1-S6) are contained in each 
domain and that they form transmembrane α-helices. In 
addition, four integral membrane glycoprotein subunits 
have been identified. Generally, the α-subunit is sufficient 
for the basic functions of  sodium channels while expres-
sion of  β-subunits regulates inactivation and shifts volt-
age dependence in the direction of  more negative poten-
tials. Their modular structures allow interactions between 
multiple regions of  the channel to regulate gating, rapid 
channel opening and closure.

Functional domains of  sodium channels have been 
identified by many potent toxins[118]. For example, the 
dinoflagellate toxin (saxitoxin) and the puffer fish poison 
(tetrodotoxin, TTX) bind to the α-subunit of  sodium 
channel on an extracellular site. For TTX-sensitive so-
dium channels, Na+ permeability is strongly blocked by 
these toxins with high potency. In contrast, for TTX-
insensitive sodium channels, it is evident that the affinity 
of  TTX to these channels is 200-fold lower. Some lipid 
soluble steroids, such as veratridine and the frog skin tox-
in (batrachotoxin) as well as the plant alkaloids (aconitine), 
bind to the α-subunit of  sodium channels on another 
extracellular site. With a high affinity for the open state 
of  sodium channels, these steroids slow inactivation of  
sodium channels, resulting in an agonist effect to the ion 
channels.

Actions of general anesthetics on sodium channels
Voltage-gated sodium channels are regulated by the 
membrane potential and lead to the passive flux of  Na+ 
into or out of  the cell. In most excitable cells and tissues 
such as nerve, muscle and heart, voltage-gated sodium 
channels account for the rapid depolarization of  action 
potential[117]. The pharmacological profile as well as ion 

selectivity of  the sodium channel has been explained by a 
dynamic model of  receptor gating. As described by mod-
ulated receptor gating, a variety of  drugs, such as local an-
esthetics, class Ⅰ anti-arrhythmic drugs, and class Ⅰ anti-
epileptic drugs, have shown voltage-dependent and 
frequency-dependent block of  sodium channels. Accord-
ing to this model, these properties are conferred by dif-
ferent drug affinities for the various functional states of  
the channel (resting, open, inactivated). The evidence that 
mammalian voltage-gated sodium channels are sensitive 
to general anesthetics at clinically relevant concentra-
tions comes from careful analysis of  anesthetic effects on 
heterologously expressed sodium channels. It has been 
demonstrated that one neuronal isoform (Nav1.2) is in-
hibited by various potent volatile anesthetics by a voltage-
independent block of  peak current and a hyperpolarizing 
shift in the steady-state inactivation[119]. In addition, many 
volatile anesthetics, especially isoflurane, have been dem-
onstrated to inhibit multiple mammalian sodium channel 
isoforms[120] including Nav1.2[119], Nav1.4 and Nav1.6[121,122], 
Nav1.5[123], and Nav1.8. Although early studies suggested 
that the peripheral tetrodotoxin-resistant isoform Nav1.8, 
expressed in amphibian Oocytes, was resistant to inhaled 
anesthetics[124], more focused reports in neurons indi-
cate that Nav1.8 is significantly inhibited by isoflurane at 
concentrations similar to those that inhibit most other 
isoforms[125]. Potent volatile anesthetics also inhibit native 
Na+ channels in isolated nerve terminals[122,126] as well as 
dorsal root ganglion neurons[127]. In contrast, xenon has 
been found to have no obvious effect on Na+, Ca2+, or 
K+ channels in isolated cardiomyocytes[128]. However, re-
cent studies suggest that xenon can in fact block neuronal 
sodium channels at clinically relevant concentrations.

Generally, two principal mechanisms contribute to 
the inhibition of  Na+ channel by volatile anesthetics. 
These are voltage-independent block of  peak currents 
and enhanced inactivation due to a hyperpolarizing shift 
in the voltage dependence of  steady-state fast inactiva-
tion. There are significant differences between isoforms 
in the contributions of  each mechanism to overall inhibi-
tion[120,127]. Volatile anesthetics, but not non-immobilizers, 
also inhibit native neuronal and nerve terminal Na+ chan-
nels, supporting the notion that depression of  synaptic 
neurotransmitter release occurs by Na+ channel block-
ing[120,127]. A recent study demonstrated that NaChBac, a 
prokaryotic homologue of  voltage-gated Na+ channels, is 
also inhibited by volatile anesthetics[129]. Anesthetic inter-
actions with NaChBac might ultimately allow co-crystal-
lization with anesthetic for three-dimensional structure 
determinations by X-ray crystallography, as achieved for 
voltage-gated K+ channels, to determine the site of  inter-
action of  anesthetics with a voltage-gated ion channel. It 
is also intriguing that the binding sites for anesthetics on 
ion channels exist in prokaryotic homologues, indicating 
a remarkable evolutionary conservation.

Voltage-gated Na+ channels have been demonstrated 
to be insensitive to general anesthetics in early studies on 
myelinated axons. However, smaller diameter unmyelinat-
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ed fibers and nerve terminals are found to be sensitive to 
Na+ channel block and do not possess the considerable 
reserve of  conduction seen in myelinated nerves. Many 
studies summarized earlier demonstrate that inhaled an-
esthetics partially impair Na+ channel function at MAC 
(minimum alveolar concentration). Moreover, a variety of  
evidence supports a role for sodium channels in general 
anesthesia in vivo, for example the increase in cerebrospi-
nal fluid Na+ concentration increases MAC of  halothane 
(equivalent to ED50) in rats[130]. Intravenous administra-
tion of  the Na+ channel blocker lidocaine reduces MAC 
for several volatile anesthetics in rats[131], and intravenous 
or intrathecal infusions of  riluzole, a potent inhibitor of  
Na+ channels and glutamate release, decrease isoflurane 
MAC in rats[132]. Finally, intrathecal but not intraventricu-
lar administration of  veratridine, a toxin that maintains 
Na+ channels in their open state, increases the MAC 
for isoflurane in rats. Collectively, these results point 
to anesthetic inhibition of  Na+ channels as a plausible 
mechanism for the mediation of  immobility produced by 
inhaled anesthetics.
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