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Abstract

Anesthetics are a chemically diverse collection of molecules that dictate
neuronal excitability and form the basis of modern medicine. Their molecu-
lar mechanism of action is fundamental to understanding nerve excitability,
mood, consciousness, and psychiatric disease. Sites of anesthetic action are
located within ion channels and the plasma membrane. In the membrane,
palmitate, a 16-carbon lipid, covalently links proteins and binds a lipid site
to allow anesthetic sensitivity. In ion channels, anesthetics bind within an
allosteric conduction pathway or compete for binding of regulatory lipids.
Mechanisms of action arising from these binding sites share structural and
functional characteristics with the classic anesthetic site in the enzyme lu-
ciferase. An update on the Meyer–Overton correlation is reviewed relative
to each mechanism and placed in historical context with early theories. The
review ends with a discussion of unresolved questions, including questions
concerning endogenous anesthetics, anesthetic stereoselectivity, and aspects
of a chain-length cutoff.

503

mailto:shansen@cimrbj.ac.cn
https://doi.org/10.1146/annurev-biochem-030222-121430
https://doi.org/10.1146/annurev-biochem-030222-121430
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.annualreviews.org/doi/full/10.1146/annurev-biochem-030222-121430


D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
18

5.
22

4.
3.

72
 O

n:
 T

ue
, 0

3 
M

ar
 2

02
6 

20
:2

8:
03

BI94_Art19_Hansen ARjats.cls May 21, 2025 15:12

Contents

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504
2. A MEMBRANE-BINDING SITE FOR ANESTHETICS . . . . . . . . . . . . . . . . . . . . . . 506

2.1. Regulation of the Anesthetic–Palmitate Site by Astrocyte-Derived
Cholesterol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508

2.2. Displacement of Palmitate by Inhaled Anesthetics . . . . . . . . . . . . . . . . . . . . . . . . . . . 508
3. PROTEIN SITES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 510

3.1. Luciferase Site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 510
3.2. Competition with Lipid-Binding Sites in Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . 510
3.3. Pore Block . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 511
3.4. Allosteric Sites in Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 511

4. MECHANISMS OF ANESTHETIC ACTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 512
4.1. Membrane-Mediated Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 513
4.2. Protein-Mediated Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 514

5. COMPARISON OF ANESTHETIC SITES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517
5.1. Anesthetic–Palmitate Site Versus Luciferin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517
5.2. Protein–Lipid Regulatory Sites Versus Luciferin . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517
5.3. Allosteric Sites Versus Luciferase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 518

6. FLUIDIZATION MODEL OF GENERAL ANESTHESIA . . . . . . . . . . . . . . . . . . . . 518
6.1. Historical Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 518
6.2. Lipid Raft Disruption Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 519
6.3. Anesthetic Effect on Phase Transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 519

7. UNRESOLVED QUESTIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 520
7.1. The Relative Contribution of the Membrane and Protein Sites . . . . . . . . . . . . . . 520
7.2. Endogenous Anesthetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 521
7.3. Outliers to the Meyer–Overton Correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 521
7.4. Stereoselectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 522
7.5. Translating Binding Site to General Anesthesia in Animals . . . . . . . . . . . . . . . . . . 523

1. INTRODUCTION

General anesthetics are hydrophobic molecules that induce reversible loss of consciousness (1).
How anesthetics work has been a topic of intense debate for more than 100 years. Over the last
decade, significant progress has been made in understanding the molecular mechanisms of anes-
thesia and identifying the sites within lipids and proteins where anesthetics act. This review is
timely for its integration of membrane-mediated anesthesia, a topic that has been misunderstood
for the last two decades.

The effect of anesthetic action was first established 200 years ago by Henry Hill Hickman
in England. Hickman (2) found that nitrous oxide and carbon dioxide could reversibly suspend
animation in small animals, a discovery he demonstrated to the king of France in 1824. Hickman
died the following year. William Morton independently established diethyl ether as a suitable
agent for abolishing surgical pain in humans 20 years later, thus ushering in the modern era of
medicine founded on anesthesia.

Theories on the mechanism of anesthetic action began to be described well over 150 years ago
with Claude Bernard (3). In the late 1800s, Meyer and Overton showed that anesthetic potency
increases with lipid solubility, irrespective of the molecule’s shape (Figure 1a,b). A lipid-solubility
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Figure 1

The Meyer–Overton correlation. (a) The Meyer–Overton correlation illustrates the relationship between the anesthetic potency of
various volatile compounds and their solubility in oil. Compounds that fall below the correlation line are more potent than predicted
(e.g., carbon dioxide), while those less potent than expected (e.g., F6) fall above the line. The hypothetical potency is shown for F6 (blue
square). (b) 3D structures of selected inhaled anesthetics, illustrating their chemical diversity and size. Xenon is a single atom and a
reliable anesthetic. (c) Chemical structures of selected injectable anesthetics. (d) 3D chemical structure of F6, a rare outlier that does not
cause anesthesia at the expected concentrations. The 3D structures were rendered in PubChem. Panel a adapted from Reference 157
(CC BY 4.0). Abbreviation: F6, 2-dichlorohexafluorocyclobutane.

hypothesis explained why chemically diverse structures cause anesthesia (4). Mullins (5) noted
that adding volume improved the correlation (6), and Johnson & Flagler (7) demonstrated that
pressure of approximately 100 bar could reverse anesthesia. These theories, generated in the ab-
sence of molecular-level knowledge, led researchers to suspect amorphous lipids as the targets of
anesthetics (1).

Molecular theories began to be developed in the 1960s, starting with the discovery of the lipid
bilayer (8). The membrane expansion theory grew to include physical expansion of the lipid bi-
layer and changes in fluidity and thickness of the bulk lipid membrane (9, 10). An anesthetic’s
hydrophobic nature allows it to accumulate in the membrane, increasing the volume of the bulk
membrane. And by increasing the volume, and hence thickness, the anesthetics were speculated
to change the conformation of transmembrane-spanning proteins to accommodate the change in
thickness. For example, a helix positioned horizontally in the membrane could tilt normal to the
membrane to accommodate the change in thickness.
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Another theory, the lipid perturbation theory, proposed that anesthetics induce subtle changes
in the order and dynamics of the lipid bilayer (11, 12). All these membrane theories relied on
perturbations to membrane proteins, particularly ion channels. However, the precise mechanism
by which themembrane affected ion channels remained unproven in a biological setting (1). At the
same time, γ-aminobutyric acid receptor (GABAAR), a protein, emerged as a potential target for
anesthetics, eventually leading to a debate regarding the importance of protein versus membrane
sites, omitting the possibility that both could be targets.

Leading the efforts to show a protein target, Middleton & Smith (13, 14) in 1976 showed
that anesthetics compete with aldehyde in the bacterial enzyme luciferase. This demonstrated
anesthetics binding to a protein pocket, which was later shown to be consistent with the Meyer–
Overton correlation (15). Structurally, the anesthetics bound nonspecifically and competed with
the specific binding of the enzyme’s substrate, luciferin (16). This led to an understanding that
anesthetic-binding sites could exist in proteins without specificity for the anesthetic’s structure.
Over time this evolved into a proposed mechanism based on multiple binding sites in GABAAR,
nicotinic acetylcholine receptor (nAChR), and glutamate receptors (GluRs), includingN-methyl-
d-aspartate receptor (NMDAR) (17).

The possibility remained that any of a plurality of anesthetic-binding sites could be membrane
mediated, although few have considered this the case over the last two decades. For the lipid sites,
Anthony Lee (18) proposed a hypothesis based on the disruption of ordered lipids surrounding
an ion channel. This was expanded by Richard Lerner (19) in 1997. The theory postulated that
ordered lipids imbue functions to the channel that diminish once the lipids are disrupted.

However, the disruption of ordered lipids in Lee’s theory remained largely untested until 2020,
when an anesthetic site emerged within the ordered region of the lipid membrane. Inhaled anes-
thetics compete for a binding site normally occupied by the lipid palmitate, a 16-carbon saturated
lipid covalently attached to proteins (20) [hereinafter referred to as the anesthetic–palmitate (AP)
site]. This lipid–lipid interaction depends on structural integrity and specificity, like the interac-
tion between an anesthetic and the luciferase protein, although the ordered site is comprised only
of lipids (Figure 2a).

This review focuses on inhaled and intravenous general anesthetics with an occasional ref-
erence to local anesthetics when some overlap in mechanism may exist. First, I discuss modern
evidence for anesthetic-binding sites within lipids and proteins, including luciferase, and the more
recently identified sites in ion channels and lipids. I compare the modern lipid and protein sites
to the luciferase site and expand the multiple-site theory to include ordered lipids. Lastly, I con-
textualize the data from experiments designed to test previous membrane-mediated mechanisms
by describing our understanding of the AP site and its function in membrane-mediated anesthe-
sia. The review concludes with a discussion of unresolved questions, including those concerning
endogenous anesthetics.

2. A MEMBRANE-BINDING SITE FOR ANESTHETICS

Identifying binding sites is the first step necessary for understanding the molecular basis of
membrane-mediated anesthesia. Most modern lipid theories involve some type of disruption
of lipid rafts (21), locating the sites to these lipids. Lipid rafts consist of saturated ceramide-
containing lipids (e.g., the ganglioside GM1) and pools of cholesterol on the inner and outer
leaflets of the plasma membrane. Cholesterol helps untangle the lipid acyl chains, allowing the
lipids to pack tightly in an ordered manner, analogous to an ordered protein domain (22). This
lipid order creates a binding site with a hydrophobic surface amenable to palmitate binding (23) on
the inner leaflet (Figure 2a).The ordered domains span both leaflets of the plasmamembrane.On
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Figure 2

Anesthetic-binding sites. (a) Ceramide-containing saturated lipids form ordered structures in the membrane that selectively bind
palmitate with high affinity. Inhaled anesthetics (orange hexagons) compete with palmitates (green lipids) covalently attached to proteins
(brown lines) at the AP site. (b) Selective ligands for the AP site are shown. Saturated straight-chain palmitate (left) binds the AP site,
while prenylation, a branched unsaturated lipid, does not (right). An arrow shows the displacement of the palmitate by the lipid.
(c) Examples of palmitoylation in ion channel regulation: (i) The palmitoylated enzyme PLD2 binds to a disordered loop on
(ii) TREK-1, and (iii) a palmitate is shown covalently attached to an intracellular loop of GABAAR. (d) Luciferin bound to the
substrate-binding pocket of the enzyme luciferase (PDB ID: 5DWV). Anesthetics bind to the surface of the substrate pocket,
competing with the substrate. (e) An activating lipid bound to a prokaryotic Cys-loop receptor (PDB ID: 3EAB). An anesthetic (orange
hexagons) competes with the activating lipid, inhibiting the channel. ( f, i) Anesthetics (orange hexagons) bound to allosteric binding sites
in the ECD and TMD of GABAAR (PDB ID: 6X3W). (ii) Pentobarbital is shown tightly packed in the intersubunit site. (iii) TMD
helices with anesthetic-binding sites indicated by orange hexagons. Structures were rendered in the software package PyMOL (159).
Abbreviations: AP, anesthetic–palmitate; Benzo., benzodiazepines; ECD, extracellular domain; GABAAR, γ-aminobutyric acid A
receptor; PDB ID, Protein Data Bank identifier; PLD2, phospholipase D2; TMD, transmembrane domain; TREK-1, TWIK-related
potassium channel subtype 1.

the outer leaflet, glycosylphosphatidylinositol-anchored proteins bind to GM1-containing lipids
(24).

Like ordered domains in proteins, the rigidity of the pocket has evolved specificity—
unbranched saturated lipids bind tightly, while branched unsaturated (prenyl) lipids are excluded
from the site (25) (Figure 2b). The exclusion is based on the ordered structure. Both types of
lipids are covalently attached to proteins through processes called palmitoylation and prenyla-
tion, respectively. Once attached, the palmitate targets the protein to the ordered lipids within the
plasma membrane. Conversely, prenylation inhibits a protein from associating with the ordered
lipids (26).

www.annualreviews.org • Mechanisms of General Anesthesia 507
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Table 1 Effects of anesthetics and cholesterol on ion channels

Channel
Anesthetic

effect
Cholesterol

effect
Palmitoylated

subunit
Lipid raft
localization

Anionic lipid
binding References

nAChR − + a4, a7, b2 yes PA 17, 88, 92, 147
5HT3 + + no yes ND 17, 148
NMDAR − + NR2A/B yes PIP2

a 17, 92, 149, 150
AMPAR − + GluR1–4 yes PIP2 17, 92, 151
Kainate +b + GluR6 ND ND 17, 92, 152
GABAAR + +/− y2 yes PIP2

c 17, 92, 147, 96
TREK + − PLD2a yes PIP2, PA 153, 20, 30, 101
Kv +/−,d+ +/− Kv1, (Kcnip2–3a) yes PA 84, 154–156

aIndirect.
bBarbiturates inhibit.
cLocated at the α2 subunit.
dAnesthetics potentiate at low depolarizing potentials.
Abbreviations: 5HT3, 5-hydroxytryptamine; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; GABAAR, γ-aminobutyric acid
receptor type A; GluR, glutamate receptor; Kv, voltage-gated potassium channel; nAChR, nicotinic acetylcholine receptor; ND, not determined; NMDA,
N-methyl-d-aspartic acid receptor; NR2A/B, NMDAR2A/B subunit; PA, phosphatidic acid; PIP2, phosphatidylinositol 4,5-bisphosphate; PLD2,
phospholipase D2; TREK, TWIK-related potassium channel.

2.1. Regulation of the Anesthetic–Palmitate Site by Astrocyte-Derived
Cholesterol

For anesthetics to have an effect at a binding site, they must alter the physiology at that site. In the
case of ordered lipids, the physiology is regulated by cholesterol. As cholesterol increases in the
membrane, palmitoylated proteins have increased affinity for the AP site, driving the protein to
associate with ordered lipids (23) (Figure 2a).Many channels, including anesthetic-sensitive chan-
nels, are palmitoylated and regulated by cholesterol in this manner (see Table 1) (27, 28). Recent
super-resolution imaging techniques have shown cholesterol’s effect in intact cellular membranes,
including its location-based effects on anesthetic-sensitive proteins at nanoscopic levels (20, 29).
For example, uptake of cholesterol into neuronal andmuscle cells drives TWIK-related potassium
channel subtype 1 (TREK-1) and GABAAR to associate with ordered GM1 lipids as well as the
anesthetic-sensitive enzyme phospholipase D2 (PLD2) (20, 30, 31).

The source of the cholesterol, and hence the source of the regulation, is astrocytes. In the
brain, cholesterol is produced in astrocytes and shipped to neurons via apolipoprotein E (apoE)
(32, 33) (Figure 3a, subpanel i). In the prototypic scenario, cholesterol is taken up by the low-
density lipoprotein receptor (LDLR) (Figure 3a, subpanel ii) (34, 35). It is exported through
the very-low-density lipoprotein receptor (VLDLR), a separate receptor that binds selectively to
delipidated apoE (36). The balance between the import and export of cholesterol dynamically
regulates palmitate binding and the function of the ordered-lipid domains (30, 32, 37, 38).

2.2. Displacement of Palmitate by Inhaled Anesthetics

Inhaled anesthetics displace palmitate from the AP site.This discovery is central to themembrane-
mediated mechanism (21) (Figure 2a). The lipid domains remain intact and even increase in size,
but the palmitate cannot bind to the lipid rafts (20, 39). The loss of affinity shifts the palmitoylated
proteins away from the AP site, releasing them.This shifting of the protein between lipid domains
is referred to as domain partitioning (40), meaning the partitioning of the protein into a different
lipid domain. The distance between domains has been measured as 40–200 nm, depending on
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Figure 3

Mechanisms of membrane-mediated anesthesia. (a) The membrane-mediated activation of TREK-1 perpendicular to the membrane.
(i) In the brain, cholesterol is synthesized in astrocytes and transported to neurons via the cholesterol transport protein apoE.
(ii) Uptake of cholesterol (yellow) through the LDLR (brown outline) and apoE induces a complex of TREK-1 and PLD2 (gray oval) to
associate with ordered ganglioside GM1-containing lipids (lipid rafts; blue outline). The cholesterol-induced sequestration of the
TREK-1–PLD2 complex deprives the channel and the enzyme of PIP2, thin lipids, and other factors that activate the channel.
Competition between anesthetics and palmitate for binding to GM1 lipids displaces the complex from GM1. The complex partitions
into PIP2 clusters, where the channel is exposed to lipid activators and conducts ions (green spheres). (b) A simplified view of panel a
orthogonal to the membrane. (c) Transfer of PLD2-induced anesthetic sensitivity from TREK-1 to TRAAK, an anesthetic-insensitive
channel. (i) The PLD2-binding sequence in the disordered C terminus is transferred to the C terminus of TRAAK. (ii) Currents from
whole-cell patch clamp showing that the TRAAK–ctPLD chimera is robustly anesthetic sensitive (left) but not when tested with
catalytically inactive PLD2 (right). Panel c adapted with permission from Pavel et al. (20) (CC BY-NC-ND 4.0). Abbreviations:
AP, anesthetic–palmitate; apoE, apolipoprotein E; LDLR, low-density lipoprotein receptor; PIP2, phosphatidylinositol
4,5-bisphosphate; PLD2, phospholipase D2; TRAAK, TWIK-related arachidonic acid–stimulated K channel; TRAAK–ctPLD,
C terminus of TRAAK; TREK-1, TWIK-related potassium channel subtype 1.

the cell type, the type of domains, and the proteins that are partitioned (31, 37). These distances
are diffraction limited, i.e., they are too short to be seen effectively with confocal imaging. They
are also difficult to monitor by Förster resonance energy transfer, which is limited to detecting
distances <10 nm (41). Their observation in anesthesia was made possible by super-resolution
imaging (20, 42).

In cultured N2a neuroblastoma cells and C2C12 muscle cells, all anesthetics displaced the
palmitoylated protein PLD2 (20). The displacement activates PLD2 by substrate presentation, an
activation mechanism based on spatial biochemistry (20, 31). The half-maximal concentration for
PLD2 activation in cultured cells is near clinical concentrations (e.g., 1 mM for chloroform) (20).
Fluid shear, present in vivo from blood flow, also disrupts lipid rafts and palmitoylated proteins

www.annualreviews.org • Mechanisms of General Anesthesia 509

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode


D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
18

5.
22

4.
3.

72
 O

n:
 T

ue
, 0

3 
M

ar
 2

02
6 

20
:2

8:
03

BI94_Art19_Hansen ARjats.cls May 21, 2025 15:12

binding to the AP site (30, 31, 39). To date, fluid shear has not been tested in combination with
anesthetics, which may shift the dose response of anesthetics to lower concentrations. Cellular
composition also contributes to the sensitivity of the AP site to anesthetics, as the amount of
PLD2 activation differed by cell type for unknown reasons (20).

The cholesterol and saturated fatty acids that comprise the AP site are robustly conserved in
all animal cells. For example, anesthetic treatment of lipid rafts was shown to function similarly in
flies and cultured mammalian cells (20). Plants, which also exhibit forms of anesthetic sensitivity,
have sterols similar to cholesterol (43), but no studies have examined sterol-based localization
of proteins with anesthetics, nor with the lipid rafts that are thought to exist in bacteria (44).
Presumably, their lipid nanostructures function similarly.

The number of anesthetic-sensitive proteins known to respond through lipid rafts is limited
but growing. As mentioned, TREK-1 in complex with PLD2 was the first ion channel shown to
work through amembrane-mediatedmechanism (20).Other proteins work similarly. For example,
angiotensin-converting enzyme is displaced by the local anesthetic hydroxychloroquine (37, 45).
Exogenous removal of cholesterol through apoE or methyl-β-cyclodextrin (MBCD), a chemical
mimetic of apoE, has the same effect on TREK-1, PLD2, andGABAAR as an anesthetic (i.e., these
proteins leave lipid rafts). Many other channels treated with MBCD show profound changes in
their function, but to date, they have not been tested for a change in domain partitioning with
anesthetic. The testing of palmitoylated ion channels is particularly important for understanding
membrane-mediated anesthesia.

3. PROTEIN SITES

Historically, the first molecular anesthetic-binding sites were established in proteins. The most
important features of these sites are their consistency with the Meyer–Overton correlation, a re-
markable observation that remains foundational to this day. Key anesthetic-binding sites have
justifiably continued to be understood relative to the Meyer–Overton correlation.

3.1. Luciferase Site

As mentioned, luciferase was the first protein site to establish anesthetic binding consistent with
the Meyer–Overton correlation. The luciferase pocket is constrained and binds its substrate, lu-
ciferin, with specificity (16) (Figure 2d). The pocket also allows hydrophobic molecules to adsorb
to hydrophobic regions; however, they compete mostly nonspecifically with luciferin, itself a hy-
drophobic molecule. Hence, the competitive displacement of the substrate inhibits the enzyme
nonspecifically (16).

The action of anesthetics does not appreciably change the conformation of the enzyme, and
thus anesthetic inhibition of luciferase does not establish an allosteric mechanism of action. But
the presence of ATP does cause a small expansion of the pocket and a change in anesthetic potency
(16). Presumably, the expansion provides better access to the anesthetics.However, themechanism
remains the same: competition between the anesthetic and the enzyme’s substrate.

3.2. Competition with Lipid-Binding Sites in Proteins

Ion channels often have specific regions where lipid molecules interact with the channel. These
lipids bind within the transmembrane domain (TMD) and between the subunits of ion channels,
modulating the channels’ function (46, 47). For example, lipids can allosterically gate a channel
(47, 48) or alter its rate of endocytosis or desensitization (49).

Due to their lipophilic nature, anesthetics also bind directly to lipid-binding sites within pro-
teins. By occupying these sites, anesthetics and their metabolites compete with the lipid and
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block its allosteric regulation (Figure 2e). For example, propofol, an injectable general anesthetic
(Figure 1c), competes for a lipid-binding site on the outer leaflet of the prokaryotic Gloeobacter
ligand-gated ion channel (GLIC). The acyl chains of the lipid extend into a cavity, and propofol
binds competitively in the cavity (50, 51).

Molecular modeling has shown cholesterol binds to the same site as anesthetics in glycine
receptors (GlyRs) (52). And a homolog of GLIC from Erwinia (ELIC) also has a lipid-binding
site in the same region as GLIC that has been shown to be regulatory (53).

The affinity of lipids for their protein targets is specific to their function. Anionic lipids
like phosphatidic acid (PA) and phosphatidylglycerol (PG) bind with relatively low affinity (10–
100 µM), in contrast to phosphatidylinositol 4,5-bisphosphate (PIP2), which typically binds in the
high nanomolar range (41, 54). Based on nonspecific surface binding predicted by luciferase and
the Meyer–Overton hypothesis, the lipids with the lowest affinity would be affected by anesthetic
competition first. Effective competition with an agonizing lipid inhibits a channel (50, 51), and
competition with an antagonizing lipid presumably activates a channel (55).

In addition to regulatory lipids, annular lipids bind to anesthetic sites on ion channels. Recent
structures of the GABAAR show annular phosphatidylcholine (PC) lipids located at the subunit
interfaces and in direct competition with two general anesthetic sites (56). In theory, competi-
tion with annular lipids could affect channel location and how the channel senses hydrophobic
thickness and responds to ordered lipids.

3.3. Pore Block

Ion channels are composed of pores spanning the bilayer that allow ions to pass through the
membrane. The pore of an ion channel often has hydrophobic stretches, some of which form the
channel’s gate. As expected, many structural studies have found anesthetics lodged in these pores
(Figure 2f ). When the binding site for the anesthetic resides in the conduction pathway, the
pore is blocked, and the channel is thus inhibited. Anesthetic pore block has been demonstrated
structurally for several channels, including the mammalian potassium channel TREK-1 (57), the
chloride channel GABAAR (58), the sodium channel NMDAR (59), and the prokaryotic cation
channels ELIC and GLIC (60, 61).

The types of anesthetics involved in pore block are diverse and include propofol, isoflurane, and
ketamine.These pore blockers also occupy allosteric sites. For example, the pore block of propofol
observed in GLIC is accompanied by its binding to intrasubunit sites in GLIC and intersubunit
sites in GABAAR (50, 62).

3.4. Allosteric Sites in Proteins

GABAAR is among the most prominent proteins with allosteric sites for anesthetic binding. The
understanding that anesthetics bind to GABAAR dates to the 1960s. It was initially recognized
as an unknown entity that altered nerve impulses (63), later identified as a protein with multiple
binding sites (64), and eventually understood as a family of pentameric receptors composed of
homologous subunits with known structure (65). Early studies from the Miller lab (66) demon-
strated that radiolabeled pentobarbital bound to a saturable site onTorpedo acetylcholine receptors,
expanding potential sites to the entire superfamily of Cys-loop receptors. Initially, volatile anes-
thetics were thought to work exclusively through a lipid mechanism, but rapid flux measurements
showed that octanol and heptanol competed for a defined protein site in GABAAR and ethanol
binds to a protein site in PLD (67).

GABAAR was eventually overexpressed sufficiently to allow photolabeling studies to show
that general anesthetics could occupy subunit interfaces in α1β3γ2 receptors (68). Cryo–electron
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microscopy (cryo-EM) has further characterized the occupation at these sites (62). Many reviews
have detailed the binding sites on ion channels, including GABAAR and nAChR (e.g., 51, 68–71).

In general, at least three types of allosteric sites exist in Cys-loop receptors (Figure 2f ): (a) the
canonical site where the agonists bind, (b) intrasubunit sites located within a single subunit in the
TMDs, and (c) intersubunit sites typically located between two subunits also in the TMDs.

While not universal for all ion channels, the sites in Cys-loop receptors are among the most
important for anesthesia. They have been studied at the atomic level for decades and serve as a
template for characterizing putative allosteric sites in ion channels.

The canonical site of the Cys-loop receptor family was first identified in an acetylcholine-
binding protein (AChBP) (72, 73) and later confirmed in crystal structures of pentameric ligand-
gated ion channels (pLGICs), as well as in native nAChR and GABAAR. In mammalian GABAAR,
benzodiazepines bind in the extracellular domain (ECD), either in the canonical site for GABA
or at subunit interfaces homologous with the canonical site (65, 74, 75).

Intrasubunit sites were first identified in GLIC. Anesthetics such as propofol, desflurane, and
bromoform all bindwithin a subunit near the regulatory PC site (50, 51).Most anesthetics inmam-
malian systems bind to intersubunit sites located in the TMD (62) (Figure 2f ). The prokaryotic
channels are homopentamers, somewhat limiting their ability to recapitulate the complexities of
binding sites between differing subunits in heterologous systems (51).

As noted by Goldstein and colleagues (51), 10–15% of proteins are photoaffinity labeled by
anesthetics, and many anesthetic–protein interactions may not have relevant functional conse-
quences. The promiscuity of anesthetic binding involves multiple sites within a single protein.
For example, GLIC has 30 xenon molecules bound in the closed state and 21 in the open state
(76). But it is highly improbable that all these sites are functional anesthetic sites. Larger anesthet-
ics (Figure 1b) have fewer binding sites; nonetheless, deciding which of these sites is functional,
and thus relevant, is a challenge.

TREK-1 channels are among the many channels functionally reconstituted and shown to be
photoaffinity labeled by anesthetics (77).When tested directly for anesthetic activation in purified
liposomes, there was, surprisingly, no response (20). In theory, all purified channels that bind di-
rectly to anesthetics should respond in a purified system, especially a protein like TREK-1 that has
been functionally reconstituted by many labs (20, 78–80). Other channels, like GABAAR, GlyR,
and nAChR, are not reliably reconstituted with native-like function in liposomes, so their di-
rect binding cannot be reliably tested. Functional studies performed in whole cells are often used
to compensate for a lack of a direct observation; however, cellular studies cannot demonstrate
direct binding due to the complexity of the cell. For example, in TREK-1 channels, mutations
that inhibit the binding of PLD2 could be mistaken for anesthetic-binding sites. Mutations
that inhibit the binding of PA or PIP2 to TREK-1 could also block anesthetic-induced activa-
tion of TREK-1 channels by PLD2. All channels that bind regulatory molecules have similar
complexity.

4. MECHANISMS OF ANESTHETIC ACTION

Ultimately, the identification of functional binding sites leads to a molecular understanding of
general anesthesia. The key effects of general anesthesia are immobility and amnesia. Inhaled
anesthetics depress excitatory neurotransmission and enhance inhibitory neurotransmission (17,
74). Currently, leaders in the field believe these effects are mediated through one or a few ion
channels, particularly GABAAR, and through a plurality of binding sites (81). Plausible explana-
tions for anesthetic action have continued to expand over recent decades. Two recent reviews on
binding sites include thoughts on mechanisms of action (51, 69).
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4.1. Membrane-Mediated Mechanism

Among the plurality of binding sites, the membrane-binding site within ordered lipids is the most
recently identified; it is also the most unconventional. Understanding this mechanism of action is
important and requires an understanding of the organization and signaling of lipids in the plasma
membrane. The plasma membrane is organized into compartments defined by their chemical
makeup, including the signaling lipids that reside in them and impart functional properties (41).
As mentioned, the most prominent compartment is ordered and contains saturated GM1 lipids
and cholesterol—this compartment (sometimes referred to as lipid rafts) contains the AP site (20,
24).GM1 clusters are separate from clusters of the signaling lipid PIP2 (Figure 3a). PIP2 typically
forms its own clusters and resides within a domain of disordered lipids (31, 82, 83).

Many anesthetic-sensitive ion channels partition into domains with distinct lipid composi-
tions, which dictates their exposure to regulatory lipids (41, 84). For many channels, a covalently
attached palmitate lipid drives the sorting of the protein (23). For some proteins, the ion channel
simply binds to a protein that is palmitoylated (20, 85). Palmitoylation controls lateral diffusion
and exposes the channel to different lipid environments, such as high cholesterol. For some chan-
nels (e.g., excitatory Na+ and Ca2+ channels), the association with cholesterol and ordered lipids
activates the channel, while for others (e.g., leak K+ channels), it inhibits them (28, 30, 86–89).

As a specific example, the ion channel TREK-1 binds to PLD2, which is palmitoylated (31,
85) (Figure 1c, subpanel i). Localization to the AP site deprives TREK-1 of its agonizing lipids
PA and PIP2 (Figure 3a,b). Uptake of astrocytic cholesterol into HEK293T cells (Figure 3a,
subpanel i) inhibits TREK-1, while depletion of cholesterol has the opposite effect (30). In
addition to the change in signaling lipid concentration, the hydrophobic thickness near PIP2-
containing lipids is thinner, and TREK-1 is optimally active in thinner lipids. Hence, the
movement to thicker lipids may contribute to the inhibition of the channel.

Like TREK-1, the excitatory channel Piezo2 is downstream of PLD2 (55). Interestingly, PLD2
inhibits Piezo2 opposite its action on TREK-1. Hence PLD2, i.e., PA, decreases cellular ex-
citability by inhibiting an excitatory channel and activating an inhibitory channel. This feature
was predicted and speculated to contribute to the steep Hill slopes observed with anesthetics
(39).

In a definitive experiment showing membrane-mediated anesthetic action, the ion channel
TWIK-related arachidonic acid–stimulated potassium channel (TRAAK), which is not normally
anesthetic sensitive, was rendered sensitive by adding the PLD2-binding domain from TREK-1
to its C terminus (Figure 3c) (20). TRAAK, like TREK-1, is activated by local production of
PA (85). Previous theories regarding TREK-1 suggested that the TMD was responsible for
activation of TREK-1 (77, 90). However, since the TMD remained the same, this definitively
showed that the anesthetic-binding site is not in the TMD for TRAAK; rather, the enzyme PLD2
is the anesthetic-sensitive protein activating TRAAK. Early studies showed this same region in
the C terminus of TREK-1 to be necessary for anesthetic activation (91), consistent with PLD2
being the anesthetic-sensitive entity in the TREK-1 channel as well.

Unlike TREK-1, most anesthetic channels are directly palmitoylated (92). GABAAR is palmi-
toylated at its γ subunit and binds PIP2 (93–95). In the case of GABAAR, PIP2 does not directly
gate the channel (96); rather, it appears to provide a location for GABAAR to reside once displaced
from GM1 lipids (97). Nonetheless, the channel’s primary amino acid sequence contains compo-
nents that permit regulation by the membrane AP site. Furthermore, the agonist GABA causes
the channel to move from lipid rafts to PIP2 domains (97).

Table 1 shows the effect of cholesterol on select anesthetic channels. For the most part, choles-
terol activates anesthetic-sensitive ion channels, increasing the total amount of ion permeability

www.annualreviews.org • Mechanisms of General Anesthesia 513



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
18

5.
22

4.
3.

72
 O

n:
 T

ue
, 0

3 
M

ar
 2

02
6 

20
:2

8:
03

BI94_Art19_Hansen ARjats.cls May 21, 2025 15:12

(88, 98). At the same time, cholesterol inhibits select potassium channels, including TREK-1 and
nonanesthetic-sensitive Kir channels (30, 89). In general, cholesterol drives a stimulated response
to a stressed state (34), whereas anesthetics block the effect of cholesterol and drive a depressed
state.

By opposing cholesterol localization, anesthetics have twomajor effects. First, opposing choles-
terol reduces its overall ability to produce excitability (Table 1). Second, anesthetics selectively
hyperpolarize the cell by inhibitingNa+ andCa2+ channels and activating select K+ andCl− chan-
nels (39) (seeTable 1). Importantly, the effects of diverse anesthetics on an individual channel are
consistent across structurally diverse anesthetics. If one anesthetic activates a channel, almost all
anesthetics, regardless of shape, activate the channel (17).

The membrane also contributes to an overall decrease in ion channel conductance through
endocytosis (49). Receptor-mediated endocytosis initiates at GM1-containing lipids (99). When
cholesterol drives too much signaling through lipid rafts, endocytosis pulls the channels off the
membrane. Anesthetics have a functional effect similar to that of endocytosis, in that they remove
ion channels from cholesterol domains; however, anesthetics leave the receptors on the surface
rather than recycling them.

4.2. Protein-Mediated Mechanisms

Most experts in the field, including myself, recognize the binding of anesthetics to sites on ion
channels as a factor contributing to their effects in animals. At least three mechanisms have
been described: (a) binding of anesthetics to allosteric regulatory sites (by far the most studied
and accepted), (b) competition of anesthetics, and their metabolites, with regulatory lipids, and
(c) pore block.

4.2.1. Competition between anesthetics and regulatory lipids. I first discuss the role of
regulatory lipids.Many regulatory lipids have charged head groups that bind to channels and alter
the conformation of the channel or flip a charged residue out of the conduction pathway (47, 48).
Once displaced, the lipid no longer exerts its function on the channel. Anesthetic displacement
of lipids from protein sites and their functional effect is largely inferred from structural studies
showing anesthetics binding in the same location as the lipids. The specificity is contained within
the endogenous lipid ligand, while the anesthetic simply blocks the function by preventing the
binding of the lipid ligand (Figure 2e).

For example, in GLICs, a regulatory phosphatidylcholine lipid on the outer leaflet between
transmembrane (TM) helices 1 and 4 (TM1 and TM4, respectively) is required to open the
channel. In crystal structures, the binding site of propofol overlaps with the regulatory lipid site,
meaning that propofol displaces the lipid and inhibits the channel (100). As expected, in cellular
membranes, the anesthetic inhibits the channel (50, 51).

The putative displacement of a lipid depends on the relative affinities of the lipid and anesthet-
ics for the channel. Few lipid-regulatory sites have been directly investigated for their interactions
with anesthetics, largely due to the difficulty of studying the interaction between a hydrophobic
molecule and a hydrophobic lipid competing for a hydrophobic binding site in a protein. Recently,
sophisticated techniques using mass spectrometry and detergent-soluble channels have been de-
veloped to specifically evaluate the affinities of the lipids for the protein (41). PIP2 species bind
detergent-soluble potassium channels with affinities in the 0.1–1µMrange, and PA andPGbind in
the 10–100 µM range (54, 101).Whether anesthetics compete for the lipid sites in these channels
has not been tested with this method.

4.2.2. Competition between ethanol metabolites and regulatory lipids. Metabolites of
anesthetics can also compete with regulatory lipids. This is exemplified by ethanol. Ethanol is a
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Figure 4

Mechanisms of protein-mediated anesthesia. (a) Location of a binding site within the enzyme PLD2 that accounts for the chain-length
cutoff effect. Alcohols are covalently attached to the headgroup of a glycerophospholipid. (i) The volume of the lipid-binding site
accommodates ethanol (ii) but not a long-chain alcohol. (iii) A crystal structure of PLD2 (PDB ID: 6U8Z) shows the location of the
hydrolytic oxygen in the active site (141), which indicates the location of the alcohol headgroup deep within a pocket of constrained
dimensions. (b) A cryo–electron microscopy structure of TREK-1 (PDB ID: 8DE8) bound to its agonist PA is shown (158). PEtOH is
shown poised to compete with PA, thus inhibiting the channel. (c) Pore block shown in a Cys-loop receptor. The amino acid numbers
along the pore helix are labeled, and the location of the anesthetic is highlighted in green. (d) Allosteric trigger of a Cys-loop receptor,
as shown by AChBP, a soluble homopentameric homolog of the nAChR. An activation loop caps the agonist pocket (inset). When an
antagonist is present (PDB ID: 2BYP), the loop is in an extended conformation (red), and when an agonist is present, the loop adopts a
compact conformation (blue; PDB ID: 2BYQ). (e) Description of the allosteric conduction pathway in the heteromeric nAChR (PDB
ID: 6UWZ). Steps along the allosteric activation pathway are shown as colored dashed lines, beginning with the allosteric trigger in the
extracellular domain (red), followed by torsion of the Cys loops (blue) and then tilting of the transmembrane helices (purple). Gating in
Cys-loop receptors is initiated in the agonist-binding pocket when the activation loop (loop C; red ribbon) closes on an agonist. A rigid
body movement impinges on the Cys loop. The pathway through the Cys loop connects to the transmembrane domain near TM3
(purple dashed line), causing tilting of the membrane-spanning helices. The tilting of the helices relative to the membrane is believed to
gate the channel near the intracellular side of the membrane. The allosteric coupling pathway is shown as a black double-headed arrow.
Anesthetics (orange hexagons) impinge on the allosteric coupling. Abbreviations: AChBP, acetylcholine-binding protein; Cys, cysteine;
ECD, extracellular domain; EtOH, ethanol; kon, association rate; koff, dissociation rate; nAChR, nicotinic acetylcholine receptor; PA,
phosphatidic acid; PC, phosphatidylcholine; PDB ID, Protein Data Bank identifier; PEtOH, phosphatidylethanol; PLD, phospholipase
D; TMD, transmembrane domain; TREK-1, TWIK-related potassium channel subtype 1. Panels a and b adapted from Reference 67
(CC BY-NC-ND 4.0). Panel c adapted from Reference 61 (CC BY 4.0).

common but weak anesthetic.When taken up into a cellular membrane, PLDmetabolizes ethanol
into phosphatidylethanol, replacing the choline headgroup of phosphatidylcholine with ethanol
(102) (Figure 4a). A similar reaction occurs for all primary n-alcohols with a chain length below
11 carbons (67).
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Phosphatidylethanol then competes directly with the regulatory lipids PIP2 and PA in potas-
sium channels, including TREK-1 (Figure 4b). Once the regulatory lipid is no longer bound, its
regulatory function on the channel is inhibited (67). This is particularly important for TREK-1
since the metabolic enzyme of ethanol forms a complex with TREK-1. Thus, the anesthetic-
binding site for ethanol is within the metabolic enzyme associated with the channel, not the
ion channel itself (Figure 3a). Nonetheless, the mechanism is the same as that of anesthetics
competing directly for lipid regulatory sites, except that the metabolite is generated first.

Phosphatidylethanol also binds to nonanesthetic-sensitive TRAAK and inward rectifier potas-
sium channels 2.1 (Kir2.1) (67). Presumably, localized production and or high affinity for the lipid
would dictate the channels’ responses in vivo.More studies are needed to determine whether these
additional channels contribute to some of the differences between ethanol anesthesia and inhaled
anesthetics.

In addition to an allosteric change in the protein, competition of an anesthetic with regulatory
lipids could alter the location of an ion channel. For example, PC localizes near PIP2 in the disor-
dered region.A channel that binds a lipid in the disordered region would be sequestered away from
cholesterol and saturated fats. And in theory, competition of an anesthetic or anesthetic metabolite
with a regulatory lipid could shift the channel into lipid rafts by outcompeting the regulatory lipid
(Figure 2e).

4.2.3. Pore block. The last protein-binding site sits within the conduction pathway and blocks
conduction. For a general anesthetic, themechanism of action is twofold: Blocking conduction can
decrease the permeability of the membrane, and it can decrease the amount of depolarization. For
Na+ and Ca2+ ions, which depolarize the cell, inhibiting their conduction blocks depolarization.
This model was first supported by structural and computational studies that found anesthetics
lodging in the conduction pathway of prokaryotic cation channels (Figure 4c) (60, 61).

Ketamine is an NMDAR channel blocker used for anesthesia and, more recently, to treat ma-
jor depressive disorder (103). S-ketamine binds to human GluN1–GluN2A and GluN1–GluN2B
NMDARs in the conduction pathway at a constriction point near the extracellular leaflet (59).The
atomic structure is consistent with pharmacology experiments and the proposed mechanism. Un-
like allostery, after ligand binding, no change in ion channel conformation is necessary to establish
the mechanism.

Pore block by anesthetics also occurs in potassium channels. Tetracaine and lidocaine inhibit
TREK-1 channels through pore block (57). The mechanism is bimodal, with the anesthetics also
inhibiting PLD2 directly. A bimodal mechanism also exists for GLIC: A binding site for propofol
in the pore conduction pathway inhibits the channel. However, in contrast to pore block, binding
to intrasubunit and intersubunit sites of GLIC is thought to activate the channel.

Some amount of pore block could also occur in the anesthetic-sensitive chloride channels
like GABAAR and GlyR. However, at clinical concentrations, anesthetics activate GABAAR, so
pore block is unlikely to be significant in this channel’s mechanism of action. The reason for the
selectivity is unclear. GABAAR and GlyR are homologs of cationic pLGIC.

4.2.4. Allosteric regulation. All modern theories of general anesthesia incorporate the con-
cept of the allosteric action of anesthetics on ion channels. Allosteric regulation of ion channels
by anesthetics is based on the ideas that proteins have multiple conformations and that the affinity
for the ligand is higher for one conformation than another. This affinity is the sum of attractive
and repulsive forces. The attractive forces at short distances require proximity to neighboring
atoms, so the molecule must fit snugly, preferably within a pocket that maximizes interactions
with multiple atoms (104). However, the pocket must also be larger than the anesthetic to avoid
the strong repulsive forces of overlapping atoms. For these reasons, allosteric pockets typically
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complement the shape of the allosteric ligand, which is borne out in sites identified by struc-
tural studies. These and additional insight into allostery and anesthetic action are discussed in
Reference 104.

Allosteric activation of Cys-loop receptors, including GABAAR, GlyR, and nAChR, is coupled
to the TMD through an agonist site in the ECD. Anesthetics presumably work along the same
pathway. Cys-loop receptors serve as a good example for understanding allosteric activation. Ag-
onist binding causes formation of a loop that caps the agonist site to close over it. This was first
shown for a soluble homolog of the Cys-loop receptor ECD (73) (Figure 4d). Antagonists prevent
the closure of the C loop covering the agonist site, and this is coupled to a twist in the ECD rel-
ative to the TMD. Similar changes in both the capping of the agonist site and the rotation of the
ECD were shown in structures of full-length receptors (105, 106). The ECD movement couples
to a tilting of the TMD helices that gates the channel.

The allosteric nature of Cys-loop receptor activation affords two mechanisms for allosteric
regulation by anesthetics: (a) direct binding to the agonist site and (b) binding to a distinct site
along the allosteric coupling pathway. By binding with high affinity to the open (for GABAAR
and GlyR) or the closed and desensitized conformation (nAChR), anesthetic binding is thought
to drive the receptors into their respective states.

Numerous ligands have been found bound to GABAAR, GlyR, and nAChR at sites within
the coupling pathway and in the agonist-binding pocket (62, 69, 106–109). In several instances,
compounds bind to multiple types of sites. For example, diazepam, a sedative, binds in the agonist
pocket of GABAAR and in the TMD (62).

5. COMPARISON OF ANESTHETIC SITES

5.1. Anesthetic–Palmitate Site Versus Luciferin

Binding of anesthetics to the lipid ordered site is mechanistically similar to their binding to the
luciferin site in luciferase. Both sites consist of a relatively large hydrophobic pocket that selec-
tively binds a substrate. The AP site typically accommodates two palmitates (28 carbon atoms) or
one palmitate and one myristate (26 carbon atoms). Luciferin consists of 18 carbon atoms, which
is likely smaller but still sufficiently large to accommodate multiple anesthetics binding to the
hydrophobic surface (16).

Themost notable difference is that the ordered AP site is composed of lipids,while the luciferin
site is composed of amino acids. Conventionally, only proteins are thought of as being structured.
However, like nucleotides that were once thought to have no ordered function, lipids have ordered
domains, and as mentioned, they are selective and have function (26). Hence, as when binding to
luciferase, anesthetics bind to the surface of the ordered lipids nonselectively and compete with
the endogenous substrate (palmitate). And like with luciferase, it is the competition with a selective
molecule that provides the function, not the anesthetic itself. The ability of an anesthetic to com-
pete depends on the relative affinities of the anesthetics for their ordered binding sites, whether
lipid or protein. However, atomic structures of anesthetics bound to the palmitate-binding site
within ordered lipids (110–112) await determination and may reveal additional similarities and
differences to binding at the luciferase site.

5.2. Protein–Lipid Regulatory Sites Versus Luciferin

The binding of anesthetics to lipid regulatory sites within proteins also shares considerable sim-
ilarities with their binding to the luciferin site in luciferase. Like palmitoylation, the regulatory
lipids have two acyl chains. Hence, the volume and hydrophobicity of their binding sites in pro-
teins are expected to be similar to the AP site. For example, the regulatory lipid overlapping with
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anesthetics in the GLIC contains multiple carbon atoms, providing a comparable binding pocket
to luciferin (50).

A competition mechanism with the lipid allows for a nonspecific interaction of an anesthetic
with the channel to exert a specific effect through the lipid-binding site. Logically, if the lipid is
regulatory and prevented from binding, its regulatory function is reversed. While speculative, a
lipid competition model could help explain why some classes of channels are inhibited by anes-
thetics and other classes are activated. If the displaced lipids have an opposite effect on the channel,
the displacement by anesthetics also has an opposite effect.

5.3. Allosteric Sites Versus Luciferase

The allosteric sites between ion channel subunits have the least similarity to luciferase. The large
surface area found in the luciferin-binding pocket is not well represented in the allosteric sites of
ion channels (62). As mentioned, allosteric sites often benefit from a tight fit that maximizes the
interactions at short distances and results in specific chemical interactions, which is a mechanism
distinct from that of luciferase and inconsistent with the Meyer–Overton hypothesis. Figure 1f,
subpanel ii shows an example of a specific ligand–channel interaction exhibiting a snug fit. For the
homolog of the nAChR, small species-specific differences in the agonist pocket, the best studied
allosteric site, lead to large ligand-specific changes in affinity, up to four orders of magnitude (113).

A plurality of binding sites on channels can explain some of the chemical diversity of anes-
thetics, but evidence as to why potency correlates with hydrophobicity (Figure 1a) rather than
shape is still lacking. And how an inhaled anesthetic like xenon (a single atom) (Figure 1b) could
agonize GABAAR across many species and subtypes and then antagonize the homologous nAChR
is also difficult to understand from allostery alone, absent the existence of endogenous anesthetics
to select for that function.

6. FLUIDIZATION MODEL OF GENERAL ANESTHESIA

6.1. Historical Context

Aspects of membrane fluidity have contributed to theories of general anesthesia since the late
1800s. Here, I briefly revisit fluidization theories with an understanding of ordered lipids and
the AP site. However, the ordered lipid as it relates to anesthetics (the AP site) is still relatively
new, and the exact underlying biophysical properties are yet to be fully established. Hence, exact
interpretations are not always possible.Nonetheless, a brief look back is important for recognizing
the foundational work that is pertinent to our current understanding.

The original fluidization theory posited that the partitioning of anesthetics increases the fluid-
ity of the lipid membrane, which in turn affects the membrane’s function. How this fluidity could
affect nerve function was not clear. Nonetheless, by 1977, it was known that membranes have re-
gions of ordered and disordered lipids. Justin Trudell (12) offered a unitary theory of anesthesia
based on lateral phase separations in nerve membranes and changes in fluidity and volume near
ion channels residing within disordered lipids. Trudell’s theory shared many features of the cur-
rent model but relied on anesthetic perturbation to the disordered region of the membrane, not
the ordered region.

Themembrane theory was further refined to include changes in lateral pressure profiles, which
are the differences in pressure a protein experiences based on its depth in the membrane (11).
Changes in pressure profiles can cause changes in protein conformational states. However, when
tested using chemically diverse anesthetics, this produced no meaningful changes to disordered
lipids that would affect an ion channel (114). The lack of evidence does not prove lateral pressure
profiles in disordered lipids play no part. Nonetheless over many years, the lack of a known
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mechanism by which changes in a typical disordered membrane could affect an ion channel led
many to believe there was no membrane target.

6.2. Lipid Raft Disruption Model

As predicted by Lerner, Lee, and colleagues (18–20), disruption of ordered lipids activates a
protein. However, disruption does not require fluidization of the ordered lipids. As little as a
5% decrease in membrane cholesterol disrupts the function of lipid rafts, while their clustering
remains largely intact (within 10% of the original apparent size) (20). Consistent with a func-
tional disruption mechanism, the removal of 5% membrane cholesterol with MBCD mimics the
effects of anesthetics, displacing PLD2 from lipid rafts and activating the TREK-1 channel (20).
Similarly, fluid shear (3 dynes/cm²) or application of delipidated apoE, an endogenous cholesterol
transport protein, removes cholesterol and disrupts lipid raft function (30, 39).

Once cholesterol is decreased, palmitoylated proteins dissociate from lipid rafts, which is
identical to the effect of anesthetics. For mechanical force, this appears to include a chaotropic
effect (30). For proteins inhibited by lipid rafts, such as PLD2 and TREK-1, disruption activates
them (30, 31). For proteins activated by lipid rafts, such as γ-secretase and cytokine hydrolases,
disruption inhibits them (32, 115).

Local anesthetics, as suggested by Lee (18), induce raft disruption. For example, in puri-
fied membranes, tetracaine and lidocaine disrupt lipid rafts (116). And in cellular membranes,
as shown with direct stochastic optical reconstruction microscopy, they release PLD2 from GM1
clusters, similar to MBCD and delipidated apoE treatments (57). The intravenous anesthetic hy-
droxychloroquine also releases palmitoylated proteins from GM1 lipids, suggesting it utilizes a
disruption mechanism (37).

The ability of local anesthetics to disrupt ordered lipids has been overshadowed by pore block
(117). Consistent with direct binding and pore block, local anesthetics inhibit TREK-1 chan-
nels, including when purified in liposomes (57). As mentioned, this is the opposite of the effect
of general anesthetics, which activate TREK-1 in cellular membranes and have no effect in puri-
fied liposomes (20). Nonetheless, many amphiphilic drugs targeting ion channels (∼50% of those
tested in one study) (118) also disrupt the membrane. The contributions of membrane disruption
should be considered even when pore block is known to occur. The development of better drugs
almost certainly requires an understanding of ion channel regulation by both the membrane and
direct binding.

6.3. Anesthetic Effect on Phase Transitions

More than 30 years ago, studies on fluid changes within artificial membranes showed that lipids
undergo phase transitions, which give rise to phase separation (119, 120). Studies on giant plasma
membrane vesicles, blebs of cellular membrane lipids, showed that these phase separations exist
in mammalian cellular lipids and that primary alcohols can lower the melting temperature of the
phase (121–123). For lipid rafts, the phase transition occurs over more than 3°C (123), compared
to disordered lipids, for which they occur over less than 1°C. Likewise, inhaled anesthetics applied
to purified ternary lipids showed mixing and a decrease in ordered lipids compared to disordered
lipids (124).

However, in both mammalian cells and whole insect brains, treatment with very high concen-
trations of chloroform (1 mM and saturating, respectively) does not lead to a decrease in phase
separation, as would be expected from lipids undergoing a phase transition. Rather the lipid rafts
increased in number and size (20). The anesthetics fail to drive membrane lipids to a miscible flu-
idity, although they could be close.Why the amount of lipid raft area increases in some instances
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is still not known. Nonetheless, in contrast to the lipid rafts, the palmitoylated proteins become
fluid.

The release of palmitoylated proteins suggests the palmitate may go through a phase transi-
tion, not the lipid raft (i.e., GM1 lipids). The melting temperature of the palmitate–sphingolipid
interaction could be separate from the melting temperature of the ordered sphingolipids within
the domain. Palmitoylation has two fewer carbons than typical sphingomyelin (16–18), which
is common to lipid rafts. The shorter chain length may allow palmitoylated protein to reach a
phase transition prior to the ordered domain, fluidizing the protein before the lipid raft structure
becomes miscible.

In contrast to other anesthetics, ethanol in the membrane has little effect on the size or number
of lipid rafts, nor does it release or activate PLD2. As mentioned, ethanol is a natural product that
is metabolized, and organisms may have evolved to deplete it before it can appreciably lower the
transition temperature of lipid rafts or palmitoylated proteins.

7. UNRESOLVED QUESTIONS

7.1. The Relative Contribution of the Membrane and Protein Sites

For decades, researchers have debated whether general anesthesia is mediated by proteins ormem-
branes.Most debates have centered on the premise that only one mechanism is correct. However,
the existence of a membrane site does not exclude a significant contribution from protein sites,
nor vice versa. Research supporting a plurality of sites logically extends to include membrane
sites, such as those in ordered lipids. A substantial number of anesthetics bind to multiple sites,
and hydrophobic ligands generally perturb both ion channels and the membrane. Understanding
anesthetic action likely requires accepting both types of sites and studying their combined effects.

The luciferase model is attractive because it accounts for the lack of chemical specificity com-
bined with conserved function. Both use of the AP site in ordered lipids and the competition
between anesthetics and regulatory lipids are modes of anesthetic action compatible with the lu-
ciferase studies. The competition of anesthetics with a regulatory lipid, suggested by PLD2 and
GABAAR release from lipid rafts, provides a rationale both for the nonspecific potency observed
in the Meyer–Overton correlation and for the selective regulation of inhibitory and excitatory ion
channels. Individually, the data appear consistent for a membrane-mediatedmechanism.However,
the mechanisms by which allosteric sites are selective for ion channel types (e.g., inhibit nAChR
and activate GABAAR) remain unclear.

Pore block is also an attractive model since ion channel pores contain regions of hydropho-
bicity that could bind anesthetics nonspecifically, as suggested by the Meyer–Overton correlation.
However, pore block alone cannot explain the activation of GABAAR, which is an important com-
ponent of in vivo anesthesia. Thus, any contribution from pore block is likely an overall decrease
in permeability.

To date, few if any anesthetic channels have been reliably reconstituted into artificial lipids
and shown to respond directly to anesthetics. TREK channels are an example of a channel that
is functionally reconstituted into purified lipids and responds to its endogenous and exogenous
agonist and antagonists, yet when tested with anesthetics, there is no response. GluRs are also
functionally reconstituted into liposomes and can be activated by mechanical force (125–127), yet
evidence for anesthetics inhibiting the channel in purified lipids is lacking. The lack of an anes-
thetic effect on ion channel function in purified lipids suggests the structures determined in these
lipids may represent a nonfunctional or nonphysiological state, and some caution is warranted
in an interpretation of their structures. Mutations in residues near a putative anesthetic-binding
site are often tested in whole cells to claim a particular binding site is functional. But in whole
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cells, the mutagenesis does not favor an allosteric mechanism over competition with a regulatory
molecule.

7.2. Endogenous Anesthetics

As stated by Lerner (19, p. 13375), “when an exogenous natural product is found to have biological
activity in that much activity is devoted to a search for the endogenous counterpart,” i.e., an en-
dogenous anesthetic (128, 129). Recent efforts have identified ammonia (130) and ketones (131)
as endogenous anesthetics. However, perhaps the most obvious and simple candidate is carbon
dioxide (CO2).

In the 1820s, well before Morton’s public demonstration in the Ether Dome, Henry Hill
Hickman demonstrated CO2 and nitrous oxide anesthesia in small animals, a procedure he and
presumably others at the time called suspension of animation (2, 128, 129). The mechanism was
unknown, but the speculation of asphyxiation led to ridicule in the Lancet in 1824 (132). The as-
phyxiation model seemed to be supported by observation of the Bohr effect in the early 1900s; i.e.,
increased CO2 decreases the affinity of O2 for hemoglobin, allowing increased release of O2 in
metabolically active tissues. In theory, high CO2 in the lungs could prohibit O2 binding, consistent
with asphyxiation.

However, well-controlled experiments in animals show the opposite. Hypercapnia (high CO2)
delivered to the lungs of an animal leads to increased oxygenation of tissue, not decreased (133).
These observations were also recorded in humans as early as the 1950s, when psychiatrists
frequently rendered their patients unconscious with CO2—known as CO2 therapy. Patients un-
dergoingCO2 therapy had increased cerebral blood flow and increased cerebral oxygenation (134).
Hence, hypoxia is not the cause of CO2 anesthesia in humans. Hypoxia was also dismissed as the
mechanism in moths (135).

The first experimental studies on CO2 as an inhaled anesthetic began as early as 1904.CO2 was
mixed with 20–27% O2 and found to cause reversible anesthesia in guinea pigs, dogs, and birds
(136). More recently, similar experiments were repeated for the optimization of CO2 anesthesia
in mice and other animals (135, 137). In mammals, the anesthetic properties of CO2 are most like
those of chloroform and less like those of diethyl ether (138) (Figure 1a).

CO2 is the primary metabolite of cellular respiration and is used extensively by cellular path-
ways to estimate the cellular needs for O2. CO2 directly controls the heart rate and induces
vasodilation (139). High CO2 in the lungs does affect the binding of O2, but this effect is mi-
nor compared to the driving force of O2 partial pressure, i.e., the concentration of O2. As long as
O2 remains high in the lungs (20–30%),O2 still binds in the presence of high CO2. The combined
increase in cardiac output and vasodilation appears to more than compensate for the lower affinity
of O2 to hemoglobin (134).

7.3. Outliers to the Meyer–Overton Correlation

Of the thousands of molecules tested, a limited number are outliers to the Meyer–Overton
correlation. For example, despite its high lipid solubility, 2-dichlorohexafluorocyclobutane (F6)
(Figure 1c) does not produce anesthesia at concentrations predicted by the Meyer–Overton
hypothesis. F6 is referred to as a nonimmobilizer because it does cause amnesia but fails to
cause immobility (140), a key component of anesthesia, even at concentrations at which other,
less-lipid-soluble, anesthetics would be effective.

The rarity of the outliers is remarkable and suggests that deviation relates to a factor other
than shape. The Meyer–Overton correlation shows that, for almost all anesthetics, shape has no
detectible effect on potency (Figure 1a).A few outliers do not negate the correlation.Nonetheless,
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the existence of outliers highlights the need for amore nuanced understanding of anesthetic action
that incorporates both lipid interactions and specific protein targets.

Long-chain saturated carbons are also considered outliers for their property known as the
chain-length cutoff (5). Primary alcohols with a saturated short-chain carbon (e.g., ethanol with
two carbons) cause anesthesia with increasing potency with longer chain lengths.The longer chain
length increases the potency, consistent with the Meyer–Overton hypothesis. However, past a
certain length, longer-chain alcohols, despite their hydrophobicity, lose potency. A metabolite
was shown to contribute to their cutoff, as the long-chain carbons appeared to be too large to fit
within the constricted hydrophobic catalytic pocket of the enzyme PLD2 (67). A recent structure
of PLD1 shows a constricted hydrophobic catalytic pocket where an alcohol of limited chain
length could bind (Figure 4a) (141). However, for straight chain alkanes, their site of action is
not known, as they have no reactive headgroup. A pocket of circumscribed dimension has been
theorized. But long-chain alkanes reduce the requirement for isoflurane, suggesting low vapor
pressure may give rise to the apparent cutoff (142). Alkanes may also experience a cutoff effect
in ordered lipids, where short alkanes disrupt the packing of the lipids and long-chain alkanes do
not.

7.4. Stereoselectivity

Anesthetics exhibit stereoselectivity, meaning that one isomer of a compound may have a slightly
different potency than another. However, no anesthetic is stereoselective to the extent that one
isomer is an effective anesthetic while another is not. This stereoselectivity has led to the theory
that the primary targets of anesthetics must be proteins. Despite this, the origins of stereoselectiv-
ity in anesthesia remain unresolved, with at least four potential targets being considered, none of
which are mutually exclusive: (a) ion channel sites, (b) ordered lipid sites, (c) anesthetic transport
sites, and (d) molecular sinks (proteins or lipids).

Proteins are chiral compounds that often form ordered structures. Within these ordered re-
gions, the chirality of amino acids can lead to the binding of ligands with specificity, meaning
that one isomer may fit better into a binding site than another. This can be analogized to a left
hand fitting more easily into a left-handed glove than into a right-handed glove. Classically, it is
thought that a specific isomer may bind more tightly to an ion channel and induce an allosteric
change that alters the gating of the channel. If one anesthetic isomer binds more tightly, this could
indeed lead to a shift in potency. However, demonstrating this effect in a purified system without
other proteins or ordered lipids has been challenging. As mentioned, while ion channels have been
purified and reconstituted into lipids, their direct activation or inhibition by anesthetics has yet to
be definitively shown for most channels.

The best experimental evidence for stereoselectivity comes from studies on the binding kinet-
ics of anesthetics to albumin.While the affinities of the anesthetic isomers are the same, the rates
at which they bind to and dissociate from the protein are stereospecific (143). Albumin, an abun-
dant protein that transports anesthetics in the blood, could affect anesthetic potency in vivo by
influencing the delivery rate of the anesthetic isomers. Unlike for ion channels, whose activity is
measured by current,measuring the binding of anesthetics to albumin provides a direct assessment
of the protein’s function.

Lipids, like proteins, are also chiral compounds. In their ordered state, lipids can bind with
structural specificity, such as binding palmitates over prenyl groups (Figure 2b). The binding
of anesthetics to ordered lipids could exhibit chiral specificity, but this concept needs to be
demonstrated experimentally.

Lastly, any protein or lipid sink within a cell could alter the concentration of anesthetic reach-
ing its final target site. Anesthetics often have very steep dose–response curves (Hill slopes), so
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even a small amount of stereospecific binding to a protein or lipid sink could alter the effective
concentration at the anesthetic site and contribute to stereoselective differences in anesthesia.

7.5. Translating Binding Site to General Anesthesia in Animals

Presumably, a combination of binding sites translates into a biological function that creates anes-
thesia in an animal. The reduced sensitivity of a pld null fly to anesthetics helps establish the
physiological relevance of the AP site in the context of general anesthesia (20, 144). As men-
tioned, PLD is a soluble enzyme upstream of TREK-1 in mammals. PLD2 is also upstream of the
calcium channel Piezo2 (55), so by inhibiting calcium influx and activating potassium efflux, nerve
excitability is reduced. Presumably, other proteins respond to PA in a similar coordinated manner.

Over the last 30 years, research has focused primarily on neuronal sites. But, as pointed out
by Bernard in 1875 (10), anesthetics act on all cells in the body. Anesthetics depress breathing
and blood pressure in the periphery (145). Loss of blood pressure alone causes loss of con-
sciousness, i.e., fainting or syncope (146). How these phenomena relate requires a much broader
understanding of anesthetic action.

The extent to which the AP site influences other anesthetic channels also awaits determi-
nation. Almost all anesthetic-sensitive channels are palmitoylated and regulated by aspects of
the membrane-mediated mechanism, particularly direct regulation by cholesterol (see Table 1),
suggesting its role could be broad. Many channels also bind PIP2 (47), but whether anesthet-
ics compete with cholesterol to release these channels is not currently known. Nor is it known
whether their collective release can generate an anesthetic response in an animal. In theory, these
are all testable questions.

Recently, GABA was shown to displace GABAAR from GM1 domains, presumably through
the AP site. GABAAR is palmitoylated on an intracellular loop (Figure 2c). Application of GABA
causes GABAAR located in lipid rafts to partition with PIP2, and this translocation correlates with
function (97). Thus, membrane-mediated regulation is active in these channels.

In conclusion, binding sites are well defined for both protein andmembrane sites. For proteins,
the major challenge is functionally reconstituting the channels into lipids and showing direct ac-
tivation or inhibition by an anesthetic. Presumably, all channels with direct sites respond in this
way. For the membrane-mediated mechanism, identifying the proteins that are displaced from
the AP site and their function is necessary to develop a comprehensive understanding. Lastly, the
endogenous molecules that regulate anesthetic action need to be identified and characterized for
their physiological function.

SUMMARY POINTS

1. Anesthetics compete nonspecifically with palmitate for a binding site within ordered
lipids (lipid rafts).

2. The competition of anesthetics with palmitate releases palmitoylated proteins from lipid
rafts.

3. Anesthetics compete nonspecifically with regulatory lipids for binding sites within the
transmembrane domain of proteins.

4. Anesthetics act primarily on ordered lipids, not disordered lipids.

5. Ordered lipids have structure with selectivity for regulatory lipids.

6. CO2 is an endogenous anesthetic.
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FUTURE ISSUES

1. Many ion channels, as prepared for structural studies with anesthetics, are nonfunc-
tional or in nonphysiological states. In order to advance from merely identifying
anesthetic binding sites with very little evidence of function, the channels will need to
be functionally reconstituted and shown to respond to an anesthetic in a purified sys-
tem. Alternatively, methods are needed to distinguish an anesthetic’s specific allosteric
regulation from nonspecific competition with regulatory molecules binding to proteins.

2. To establish membrane-mediated mechanisms of general anesthesia, the spatial distri-
bution of palmitoylated proteins, in particular ion channels, needs to be established at
nanoscale levels in real time and eventually in living animals.

3. Ion channels may partition with nanoscopic lipid domains other than PIP2. Identify-
ing the location of palmitoylated proteins after anesthetic release may require a better
understanding of the various nanoscopic compartments in the membrane.

4. CO2 causes anesthesia, but questions remain as to whether CO2 functions the same as
other inhaled anesthetics in competing with palmitate in ordered lipids or binding to
protein sites.
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96. Laverty D, Desai R, Uchański T, Masiulis S, Stec WJ, et al. 2019. Cryo-EM structure of the human

α1β3γ2 GABAA receptor in a lipid bilayer.Nature 565(7740):516–20
97. Yuan Z, Pavel MA,Hansen SB. 2025. GABA and astrocytic cholesterol determine the lipid environment

of GABAAR in cultured cortical neurons. Commun. Biol. In press
98. Korinek M, Vyklicky V, Borovska J, Lichnerova K, Kaniakova M, et al. 2015. Cholesterol modulates

open probability and desensitization of NMDA receptors. J. Physiol. 593(10):2279–93
99. Lajoie P, Nabi IR. 2010. Lipid rafts, caveolae, and their endocytosis. Int. Rev. Cell Mol. Biol. 282:135–63

100. Cheng WWL, Arcario MJ, Petroff JT. 2022. Druggable lipid binding sites in pentameric ligand-gated
ion channels and transient receptor potential channels. Front. Physiol. 12:798102

101. Cabanos C, Wang M, Han X, Hansen SB. 2017. A soluble fluorescent binding assay reveals PIP2

antagonism of TREK-1 channels. Cell Rep. 20(6):1287–94
102. Yang SF, Freer S, Benson AA. 1967. Transphosphatidylation by phospholipase D. J. Biol. Chem.

242(3):477–84
103. Lapidus KAB, Levitch CF, Perez AM, Brallier JW, Parides MK, et al. 2014. A randomized controlled

trial of intranasal ketamine in major depressive disorder. Biol. Psychiatry 76(12):970–76
104. Forman SA,Miller KW. 2011. Anesthetic sites and allosteric mechanisms of action on Cys-loop ligand-

gated ion channels. Can. J. Anesth. 58(2):191–205
105. Noviello CM, Gharpure A, Mukhtasimova N, Cabuco R, Baxter L, et al. 2021. Structure and gating

mechanism of the α7 nicotinic acetylcholine receptor. Cell 184(8):2121–34.e13
106. Zhao Y, Liu S, Zhou Y, Zhang M, Chen H, et al. 2021. Structural basis of human α7 nicotinic

acetylcholine receptor activation. Cell Res. 31:713–16
107. Hibbs RE, Gouaux E. 2011. Principles of activation and permeation in an anion-selective Cys-loop

receptor.Nature 474(7349):54–60
108. Morales-Perez CL, Noviello CM, Hibbs RE. 2016. X-ray structure of the human α4β2 nicotinic

receptor.Nature 538(7625):411–15
109. Zhu H. 2022. Structure and mechanism of glycine receptor elucidated by cryo-electron microscopy.

Front. Pharmacol. 13:925116
110. Heberle FA, Doktorova M, Scott HL, Skinkle AD, Waxham MN, Levental I. 2020. Direct label-free

imaging of nanodomains in biomimetic and biological membranes by cryogenic electron microscopy.
PNAS 117(33):19943–52

528 Hansen



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
18

5.
22

4.
3.

72
 O

n:
 T

ue
, 0

3 
M

ar
 2

02
6 

20
:2

8:
03

BI94_Art19_Hansen ARjats.cls May 21, 2025 15:12

111. Cornell CE, Mileant A, Thakkar N, Lee KK, Keller SL. 2020. Direct imaging of liquid domains in
membranes by cryo-electron tomography. PNAS 117(33):19713–19

112. SharmaKD,Heberle FA,WaxhamMN.2023.Visualizing lipidmembrane structure with cryo-EM: past,
present, and future. Emerg. Top. Life Sci. 7(1):55–65

113. Hansen SB, Talley TT, Radic Z, Taylor P. 2004. Structural and ligand recognition characteristics of an
acetylcholine-binding protein from Aplysia californica. J. Biol. Chem. 279(23):24197–202

114. Herold KF, Sanford RL, Lee W, Andersen OS, Hemmings HC. 2017. Clinical concentrations of
chemically diverse general anesthetics minimally affect lipid bilayer properties. PNAS 114(12):3109–14

115. Wang H, Kulas JA, Ferris HA, Hansen SB. 2022. Regulation of neural inflammation by astrocyte derived
cholesterol. PhD thesis. The Scripps Research Institute, Jupiter, FL.

116. Kinoshita M,Chitose T,Matsumori N. 2019.Mechanism of local anesthetic-induced disruption of raft-
like ordered membrane domains. Biochim. Biophys. Acta Gen. Subj. 1863(9):1381–89

117. Tikhonov DB, Zhorov BS. 2017.Mechanism of sodium channel block by local anesthetics, antiarrhyth-
mics, and anticonvulsants. J. Gen. Physiol. 149(4):465–81

118. Rusinova R,He C,Andersen OS. 2021.Mechanisms underlying drug-mediated regulation of membrane
protein function. PNAS 118(46):e2113229118

119. Kamaya H, Ueda I, Moore PS, Eyring H. 1979. Antagonism between high pressure and anesthetics in
the thermal phase-transition of dipalmitoyl phosphatidylcholine bilayer.Biochim. Biophys. Acta Biomembr.
550(1):131–37

120. Trudell JR, Payan DG, Chin JH, Cohen EN. 1975. The antagonistic effect of an inhalation anesthetic
and high pressure on the phase diagram of mixed dipalmitoyl-dimyristoylphosphatidylcholine bilayers.
PNAS 72(1):210–13

121. Veatch SL, Keller SL. 2003. Separation of liquid phases in giant vesicles of ternary mixtures of
phospholipids and cholesterol. Biophys. J. 85(5):3074–83

122. Gray E, Karslake J, Machta BB, Veatch SL. 2013. Liquid general anesthetics lower critical temperatures
in plasma membrane vesicles. Biophys. J. 105(12):2751–59

123. Machta BB, Gray E, Nouri M, McCarthy NLC, Gray EM, et al. 2016. Conditions that stabilize
membrane domains also antagonize n-alcohol anesthesia. Biophys. J. 111(3):537–45

124. WeinrichM,Worcester DL. 2018.The actions of volatile anesthetics: a new perspective.Acta Crystallogr.
D Struct. Biol. 74(12):1169–77

125. Maneshi MM, Maki B, Gnanasambandam R, Belin S, Popescu GK, et al. 2017. Mechanical stress
activates NMDA receptors in the absence of agonists. Sci Rep. 7:39610

126. Belin S, Maki BA, Catlin J, Rein BA, Popescu GK. 2022. Membrane stretch gates NMDA receptors.
J. Neurosci. 42(29):5672–80

127. Kloda A, Lua L, Hall R, Adams DJ, Martinac B. 2007. Liposome reconstitution and modulation of
recombinant N-methyl-d-aspartate receptor channels by membrane stretch. PNAS 104(5):1540–45

128. Smith WDA. 1978. A history of nitrous oxide and oxygen anaesthesia. IVC: Henry Hill Hickman in his
time. Br. J. Anaesth. 50(5):519–30

129. Smith WDA. 2005.Henry Hill Hickman. Sheffield, UK: Hist. Anaesth. Soc.
130. Brosnan RJ, Yang L,Milutinovic PS, Zhao J, Laster MJ, et al. 2007. Ammonia has anesthetic properties.

Anesth. Analg. 104(6):1430–33
131. Yang L, Zhao J, Milutinovic PS, Brosnan RJ, Eger EI, Sonner JM. 2007. Anesthetic properties of the

ketone bodies β-hydroxybutyric acid and acetone. Anesth. Analg. 105(3):673–79
132. Antiquack. 1826. Surgical humbug. Lancet 5(127):646–47
133. Akça O, Doufas AG, Morioka N, Iscoe S, Fisher J, Sessler DI. 2002. Hypercapnia improves tissue

oxygenation. Anesthesiology 97(4):801–6
134. Moriarty JD. 1954. Evaluation of carbon dioxide inhalation therapy. Am. J. Psychiatry 110(10):765–69
135. Sillans D, Biston J. 1979. Studies on the anesthetic mechanism of carbon dioxide by using Bombyx mori

larvae. Biochimie 61(2):153–56
136. Bendersky MJ. 1904. Sur l’anesthésie des animaux, par un mélange d’acide carbonique et d’oxygène.

C. R. Hebd. Séances Soc. Biol. 56(2):458–60
137. Kohler I, Meier R, Busato A, Neiger-Aeschbacher G, Schatzmann U. 1999. Is carbon dioxide (CO2) a

useful short acting anaesthetic for small laboratory animals? Lab. Anim. 33(2):155–61

www.annualreviews.org • Mechanisms of General Anesthesia 529



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
18

5.
22

4.
3.

72
 O

n:
 T

ue
, 0

3 
M

ar
 2

02
6 

20
:2

8:
03

BI94_Art19_Hansen ARjats.cls May 21, 2025 15:12

138. Blackshaw JK, Beattie AW, Fenwick DC, Allan DJ. 1988. The behaviour of chickens, mice and rats
during euthanasia with chloroform, carbon dioxide and ether. Lab. Anim. 22(1):67–75

139. Sharabi K, Lecuona E, Helenius IT, Beitel GJ, Sznajder JI, Gruenbaum Y. 2009. Sensing, physiological
effects andmolecular response to elevated CO2 levels in eukaryotes. J. Cell Mol.Med. 13(11–12):4304–18

140. Perouansky M. 2008. Non-immobilizing inhalational anesthetic-like compounds. InModern Anesthetics,
ed J Schüttler, H Schwilden, pp. 209–21. Handb. Exp. Pharmacol. 182. Berlin: Springer-Verlag

141. Bowling FZ, Salazar CM, Bell JA, Huq TS, Frohman MA, Airola MV. 2020. Crystal structure of human
PLD1 provides insight into activation by PI(4,5)P2 and RhoA.Nat. Chem. Biol. 16(4):400–7

142. Liu J, Laster MJ, Taheri S, Eger EI, Koblin DD,Halsey MJ. 1993. Is there a cutoff in anesthetic potency
for the normal alkanes? Anesth. Analg. 77(1):12–18

143. Xu Y, Tang P, Firestone L, Zhang TT. 1996. 19F nuclear magnetic resonance investigation of
stereoselective binding of isoflurane to bovine serum albumin. Biophys. J. 70:532–38

144. Hansen SB, Lerner RA, Pavel MA, Petersen EN. 2020. Reply to van Swinderen and Hines: Drosophila
model establishes the lipid membrane as a target of anesthetics. PNAS 117(40):24629

145. Eger EI. 2005. The pharmacology of inhaled anesthetics. Semin. Anesth. Perioper.Med. Pain 24(2):89–100
146. Cheshire WP. 2017. Syncope. Continuum 23(2):335–58
147. Ananchenko A, Hussein TOK, Mody D, Thompson MJ, Baenziger JE. 2022. Recent insight into lipid

binding and lipid modulation of pentameric ligand-gated ion channels. Biomolecules 12(6):814
148. Nothdurfter C, Tanasic S, Di Benedetto B, Rammes G, Wagner EM, et al. 2010. Impact of lipid raft

integrity on 5-HT3 receptor function and its modulation by antidepressants. Neuropsychopharmacology
35(7):1510–19

149. Ponce J, De La Ossa NP, Hurtado O, Millan M, Arenillas JF, et al. 2008. Simvastatin reduces the as-
sociation of NMDA receptors to lipid rafts: a cholesterol-mediated effect in neuroprotection. Stroke
39(4):1269–75

150. Michailidis IE, Helton TD, Petrou VI, Mirshahi T, Ehlers MD, Logothetis DE. 2007.
Phosphatidylinositol-4,5-bisphosphate regulates NMDA receptor activity through α-actinin. J.Neurosci.
27(20):5523–32

151. Hou Q, Huang Y, Amato S, Snyder SH, Huganir RL, Man HY. 2008. Regulation of AMPA receptor
localization in lipid rafts.Mol. Cell. Neurosci. 38(2):213–23

152. FrankC,Rufini S,Tancredi V,Forcina R,Grossi D,D’ArcangeloG. 2008.Cholesterol depletion inhibits
synaptic transmission and synaptic plasticity in rat hippocampus. Exp. Neurol. 212(2):407–14

153. Steinberg EA, Wafford KA, Brickley SG, Franks NP, Wisden W. 2015. The role of K2P channels in
anaesthesia and sleep. Pflügers Arch. Eur. J. Physiol. 467(5):907–16

154. Li Y, Xu J, Xu Y, Zhao XY, Liu Y, et al. 2018. Regulatory effect of general anesthetics on activity of
potassium channels.Neurosci. Bull. 34(5):887–900

155. Cassinelli S, Viñola-Renart C, Benavente-Garcia A, Navarro-Pérez M, Capera J, Felipe A. 2022.
Palmitoylation of voltage-gated ion channels. Int. J. Mol. Sci. 23(16):9357

156. Levitan I, Fang Y, Rosenhouse-Dantsker A, Romanenko V. 2010. Cholesterol and ion channels. Subcell.
Biochem. 51:509–49

157. Ramirez RM. 2020. A complex life habitable zone based on lipid solubility theory. Sci. Rep. 10:7432
158. Schmidpeter PAM, Petroff JT, Khajoueinejad L, Wague A, Frankfater C, et al. 2023. Membrane

phospholipids control gating of the mechanosensitive potassium leak channel TREK1. Nat. Commun.
14:1077

159. Schrödinger LLC. 2015. The PyMOL Molecular Graphics System, Version 3.1.Molecular visualization
software. https://pymol.org/

530 Hansen

https://pymol.org/

