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ABSTRACT: General anesthesia can be caused by various,
chemically very different molecules, while several other molecules,
many of which are structurally rather similar to them, do not exhibit
anesthetic effects at all. To understand the origin of this difference
and shed some light on the molecular mechanism of general
anesthesia, we report here molecular dynamics simulations of the
neat dipalmitoylphosphatidylcholine (DPPC) membrane as well as
DPPC membranes containing the anesthetics diethyl ether and
chloroform and the structurally similar non-anesthetics n-pentane
and carbon tetrachloride, respectively. To also account for the
pressure reversal of anesthesia, these simulations are performed
both at 1 bar and at 600 bar. Our results indicate that all solutes
considered prefer to stay both in the middle of the membrane and close to the boundary of the hydrocarbon domain, at the vicinity
of the crowded region of the polar headgroups. However, this latter preference is considerably stronger for the (weakly polar)
anesthetics than for the (apolar) non-anesthetics. Anesthetics staying in this outer preferred position increase the lateral separation
between the lipid molecules, giving rise to a decrease of the lateral density. The lower lateral density leads to an increased mobility of
the DPPC molecules, a decreased order of their tails, an increase of the free volume around this outer preferred position, and a
decrease of the lateral pressure at the hydrocarbon side of the apolar/polar interface, a change that might well be in a causal relation
with the occurrence of the anesthetic effect. All these changes are clearly reverted by the increase of pressure. Furthermore, non-
anesthetics occur in this outer preferred position in a considerably smaller concentration and hence either induce such changes in a
much weaker form or do not induce them at all.

1. INTRODUCTION
General anesthesia has been used in surgical practice for more
than 150 years. However, the molecular mechanism behind the
phenomenon of general anesthesia is still largely unknown.
Meyer1 and Overton2 realized, independently from each other,
at the dawn of the 20th century that the efficiency of general
anesthetics is proportional to their olive oil/water partition
coefficient, and they concluded that the site of action of
general anesthesia must be the plasma membrane of the cells.
It was widely assumed that general anesthetics act indirectly by
altering some properties of the cell membrane, which modify
the function of certain membrane-bound proteins. However,
no membrane property was found for a long time that might
possibly underlie the anesthetic effect. The lack of success of
these so-called lipid theories gave rise to the idea in the 1970s
that general anesthetics might directly bind to certain
membrane proteins and modify their function via specific
protein−substrate interactions.3−6 However, these protein
theories also failed so far to identify the proteins involved in

this process and characterize their specific interaction with
general anesthetics.
The difficulty stems from the vast chemical variety of general

anesthetics: alcohols (e.g., ethanol), ethers (e.g., diethyl ether),
halogenated hydrocarbons [e.g., chloroform (CF), halothane],
cyclic hydrocarbons (e.g., cyclopropane), and even certain
inorganic molecules (e.g., NO2) and noble gases (e.g., Xe) can
act as general anesthetics. The problem is further complicated
by the fact that several molecules with no anesthetic potency
are structurally rather similar to some general anesthetics.
Thus, for instance, while xenon, decanol, and CF are all rather
effective general anesthetics, argon, hexadecanol, and carbon
tetrachloride (CT) do not show any anesthetic effect. In
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certain cases, i.e., when the two molecules differ only in the
chain length, this difference in their behavior is well
explained,7−9 while in other cases, the origin of their different
behavior is far from being fully understood.
The aforementioned large chemical variety of general

anesthetics practically excludes any general protein−substrate
mechanism, valid for all anesthetics. Further, it is very difficult
to imagine any evolutionary mechanism that would lead to the
development of any specific interaction of proteins with a
chemically totally inactive species, such as xenon, which is not
even present in a considerable concentration on Earth. It is
also to be noted that anesthetics exert action not only on
human patients but on species spanning the evolutionary tree
of life.10 The explanation of the molecular mechanism of
general anesthesia is further exacerbated by the long known
experimental fact that the anesthetic effect is reverted at
elevated pressures.11−15 Therefore, any explanation of this
mechanism has to account not only for the chemical variety of
general anesthetics and the markedly different behavior of
chemically and structurally rather similar molecules but also for
the pressure reversal of anesthesia.
The first membrane property that was found to be correlated

with the presence of anesthetics was the molar volume of the
membrane. Thus, more than half a century ago, Mullins
realized that the molar volume of the membranes is increased
by anesthetics but it decreases at high pressures and
hypothesized that anesthesia occurs if the molar volume of
the membrane exceeds a critical threshold value.16 This critical
volume hypothesis was later rationalized by assuming that
anesthetics increase the thickness of the membrane by pushing
the two membrane leaflets farther away from each other17,18

and/or by ordering the lipid tails, thus making the lipid
molecules more elongated.19 However, both experimental20,21

and computer simulation results22−34 turned out to be rather
controversial in this respect, showing that the membrane
thickness can decrease in the presence of anesthetics20,24−28 or
simply be insensitive to it.21,29−32 Existing results suggest that
the change of this property depends on the anesthetic molecule
used.34 Interestingly, the possibility that the change of the
molar volume might also be governed by changes in the molar
surface area (or surface density) of the membrane was not
considered until the millennium. In their pioneering studies, Ly
et al. finally got rid of the assumption that the lateral
membrane density is not affected by the presence of
anesthetics and demonstrated experimentally that anesthetics,
in fact, induce a lateral swelling of the membrane,35,36 an effect
that is clearly reverted by increasing pressure. This finding was
later supported by numerous computer simulation stud-
ies.17,18,24−34,37−43 Anesthetic-induced increase (and pressure-
induced decrease) of the membrane fluidity was also often
thought to be an effect that is behind the molecular mechanism
of anesthesia.9,44−49 In accordance with this idea, the lateral
mobility of the lipid molecules was also found to increase in
the presence of various general anesthetics.25,33,39−41,50−53 This
increased lateral mobility of the lipid molecules can be,
however, also well explained by the above changes of the lateral
density.33,34

In 1997, Cantor presented thermodynamic arguments
demonstrating that if anesthesia is caused by the switch
between two conformations of a membrane-bound (e.g.,
channel-forming) protein and anesthetics alter the lateral
pressure profile across the membrane in such a way that it
alters the cross-sectional area profile of both conformers of this

protein non-uniformly, the ratio of the active and passive
conformers depends exponentially on the anesthetic concen-
tration.54,55 Testing the validity of this lateral pressure
hypothesis experimentally is, however, severely hindered by
the fact that it is practically impossible to measure the variation
of the lateral component of the pressure along the membrane
normal with sub-nanometer resolution. Further, the calculation
of the lateral pressure profile in computer simulations is also
impeded by several technical and conceptual difficulties,
originating from the fact that pressure is an inherently non-
local quantity, and hence localization of its components,
needed to calculate their profiles, cannot be done unambig-
uously.56,57 Having a reasonably accurate and computationally
efficient method in hand,58 we have previously demonstrated
that relevant changes of the lateral pressure profile in this
respect can be expected near the boundary between the polar
and apolar membrane domains, close to the region of the ester
groups of phospholipid bilayers.33,59

In a set of earlier studies, we were searching for membrane
properties the change of which might possibly be related to the
molecular mechanism of general anesthesia.31−33,59 In these
studies, we followed the approach that such properties have to
change in the same way upon adding any general anesthetic
and in the opposite way upon increasing the pressure. Further,
this pattern of changes has to be present in membranes of
various compositions33 and under different thermodynamic
conditions.31 In accordance with the general picture emerging
from recent experimental60 as well as computer simulation
investigations,34 we found that anesthetics have, in general, two
preferred positions along the membrane normal, namely, at the
apolar side of the polar/apolar interface and in the middle of
the membrane. The relative strengths of these two positional
preferences may vary from anesthetic to anesthetic,31−33 and
the latter preference might even vanish in certain cases (e.g.,
for ethanol25,27,38,39,45,52 or ketamine30). However, a large
fraction of the general anesthetics is always located in the
former of the two preferred positions, leading to a decrease of
the lateral density of the membrane. This lateral swelling,
which clearly satisfies all of our above criteria,31−33 gives rise to
the increase of the lateral mobility of the lipid molecules, an
effect that, although correlated, seems not to be in a causal
relation with anesthesia,33 as well as to the increase of the free
volume around the outer preferred position of the
anesthetics,33,59 and, as a consequence, to the decrease of the
lateral pressure at the polar/apolar interface.33,59 Provided that
the other hypotheses of Cantor54,55 are also valid, these
changes can provide a possible causal explanation of the
phenomenon of general anesthesia.
However, if the above chain of changes of the various

membrane properties is indeed related to the anesthetic effect,
it also has to explain why certain molecules that are chemically
similar to some general anesthetics do not exhibit anesthetic
effects. In other words, the above pattern of changes cannot be
valid for non-anesthetics: relevant membrane properties cannot
be changed in the same way or, at least, to the same extent by
anesthetics and non-anesthetics. In this paper, we present a
detailed comparative computer simulation investigation of the
effect of general anesthetics and structurally similar non-
anesthetics on the properties of the dipalmitoylphosphatidyl-
choline (DPPC) lipid membrane. DPPC, being one of the
major constituents of the plasma membranes of living cells, is
widely used in modeling lipid membranes and has also been
considered in our previous studies.31−33,59 In the current
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analyses, we consider only those membrane properties that
might be related to the effect of anesthesia in light of our
previous studies. Thus, here, we analyze the distribution of the
anesthetic and non-anesthetic solutes along the bilayer normal,
the area and volume per lipid, the thickness of the membrane,
the lateral diffusion of the lipid molecules, as well as the
profiles of the free volume and lateral pressure along the
membrane normal. In addition, we also analyze the effect of
the solutes on the local order of the lipid tails, a property the
change of which turned out so far to be model-dependent;
nevertheless, its possible relation with the anesthetic effect
could not have been fully excluded yet.31−33 For this purpose,
we have chosen two general anesthetics of markedly different
structures, namely, diethyl ether (DE) and CF, whereas as
non-anesthetics, we use n-pentane (PE, differing from DE only
by substituting its O atom by an isoelectronic CH2 group) and
CT (differing from CF by substituting its H by another Cl
atom). The schematic chemical structure of these molecules as
well as of DPPC is shown in Figure 1. It should be noted that
although PE is sometimes also regarded as a weak general
anesthetic, its anesthetic efficiency is an order of magnitude
smaller than that of DE,61,62 and hence, we simply consider it
here as a non-anesthetic.
The remainder of the paper is organized as follows. In

Section 2, details of the performed computer simulations are
given. The obtained results are presented and detailed in
Section 3. Finally, in Section 4, the obtained results are
discussed in terms of explaining the molecular mechanism of
general anesthesia, and the conclusions of this study are drawn.

2. METHODS
2.1. Molecular Dynamics Simulations. Molecular

dynamics simulations of the fully hydrated neat DPPC
membrane as well as DPPC membranes containing DE, PE,
CF, and CT molecules have been performed on the

isothermal-isobaric (N,p,T) ensemble at 330 K. Simulation of
the neat DPPC bilayer has only been performed at 1 bar, while
the membranes with dissolved anesthetic or non-anesthetic
molecules have been simulated both at 1 and 600 bar. The two
membrane layers consisted of 128 DPPC molecules each,
being hydrated by 7680 water molecules. The ratio of the
water and DPPC molecules of 30 has thus exceeded the
threshold value of 29.1, required for full hydration.63 In
addition, the respective systems have also included 192 DE or
PE and 112 CF or CT molecules, corresponding roughly to a
1 M concentration of DE and PE and a 0.6 M concentration of
CF and CT in the hydrocarbon phase of the membrane. It
should be noted that these concentrations of the anesthetic
molecules well exceed what is needed for anesthesia. Similarly,
the pressure of 600 bar, considered in the high-pressure
simulations, is also much higher than what is needed for
pressure reversal. We have used these exaggerated concen-
tration and pressure values, following the idea of Oh and
Klein,29 to amplify their effect on the membrane properties,
thus making the real changes of these properties safely larger
than their statistical noise.
The DPPC, DE, and PE molecules have been described by

the all-atom CHARMM36 force field,64 while the parameters
of the CF and CT molecules have been obtained using the
SwissParam server,65,66 which provides CHARMM-compatible
parameters for small organic molecules. Finally, water
molecules have been described by the rigid, three-site,
CHARMM-compatible modified TIP3P (mTIP3P) poten-
tial.67 Thus, the intramolecular part of the total potential
energy of the system has consisted of terms corresponding to
bond stretching, bond angle bending, and torsional rotation.
The geometry of the water molecules has been kept fixed by
means of the SETTLE algorithm,68 while all other chemical
bonds involving an H atom have been constrained using the
LINCS algorithm.69 The intermolecular term of the total

Figure 1. Schematic structure of the anesthetic and non-anesthetic molecules considered in this study and of DPPC. The numbering of the tail C
atoms used in the paper is also indicated.
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potential energy has been calculated as the sum of the
Lennard-Jones and charge−charge Coulomb contributions of
all atom pairs. All interactions have been truncated to zero
beyond the group-based cut-off distance of 12 Å. The long-
range part of the electrostatic interaction has been accounted
for by means of the Particle Mesh Ewald method in its smooth
implementation70 using the mesh spacing of 1.2 Å.
The simulations have been performed by the GROMACS

5.1 program package,71 while for the calculation of the lateral
pressure profile, an in-house modified version72 of this
program has been used, which also determines the
contribution of each particle to the lateral pressure. Equations
of motion have been integrated in time steps of 2 fs using the
Verlet algorithm.73 The temperature of the system has been
kept constant by means of the Nose−́Hoover thermostat74,75
using a time constant of 1 ps. The pressure has been controlled
by the Parrinello−Rahman barostat76 using semi-isotropic
coupling and the coupling time of 5 ps. Initial configurations
have been created using equilibrium configurations of our
previous simulations of a neat and a DE-containing DPPC
membrane.33 After a short energy minimization, the systems
have been equilibrated for 20 ns. Then, in the production
phase of the simulations, a 100 ns long trajectory of each
system has been generated for the detailed analyses.
Equilibrium snapshots of the systems containing dissolved
anesthetics or non-anesthetics at 1 bar are shown in Figure 2.

2.2. Calculation of the Lateral Pressure Profile. To
calculate the profile of the lateral pressure, pL, along the
membrane normal axis, the lateral components of the pressure
tensor have to be decomposed to contributions that can be
assigned to well-defined spatial positions. However, while the
kinetic part of the pressure tensor elements (i.e., V−1∑imivi

avi
b,

where mi and vi are the mass and velocity of the ith atom, a and
b denote the corresponding spatial directions, and V is the
volume of the system) consists of contributions located at the
positions of the individual atoms, and for which such a
decomposition can be trivially done, the interaction (or virial)
term of the pressure tensor elements can be written as

r s
V

f s1
( )dab

i j i
ij
a

C

b

, ij

=
> (1)

where f ij is the force acting between atoms i and j and the
brackets ⟨...⟩ denote ensemble averaging. This equation
contains an integral over an open path, Cij, connecting atoms
i and j, parameterized by the vector s, and hence the result is
inevitably path-dependent. Among the possible reasonable
integration contours that provide compatible results with each
other,57 the use of the Harasima path77 has several advantages.
Thus, it can be used even in cases when the potential energy of
the system is not fully pairwise additive,57 such as the
reciprocal space part of the long range correction calculated by
Ewald summation73,78,79 or by any of its particle mesh
variants.70,80 This way, changing the potential function in an
a posteriori evaluation of the lateral pressure profile (i.e., using
a large cut-off instead of the Ewald-based long range
correction) can simply be avoided.58 Further, this way, the
lateral pressure contributions are distributed between the
individual atoms,81 and hence lateral pressure contributions
can be treated as if they were additive properties of the
individual atoms,58,81 which enables a computationally very
efficient, on-the-fly calculation of the lateral pressure profile. It
should finally be noted that the interfacial tension can be
calculated as the integral of the difference between the normal
and lateral pressure components along the interface normal.
Since the former component is constant across the entire
system due to the requirement of mechanical stability, the
lateral pressure profile is practically identical, apart from a
minus sign, to that of the interfacial tension at atmospheric
pressure.

3. RESULTS
3.1. Density Profiles. The mass density profiles of the nine

systems along the membrane normal axis, X, are shown in
Figure 3. All the density profiles shown are averaged over the
two leaflets of the membrane. The profiles are characterized by
a high-density region around |X| = 20 Å, corresponding to the
crowded domain around the lipid headgroups and a low-
density region in the middle of the membrane, around X = 0 Å.
In the case of the neat DPPC membrane, the density exhibits a
sudden drop close to the middle of the bilayer, indicating that
not all the hydrocarbon chains reach this region. The presence
of all solutes considered increases the density here, reflecting
the simple fact that additional molecules prefer to stay in the
region where there is the largest available free volume. The
solute molecules located in the middle of the membrane are,
however, not expected to be related to the anesthetic effect as
the density increases further rather than being reverted by the
increase of pressure. Consistently, there is no systematic
difference between the behavior of the anesthetics and that of
the non-anesthetics in this respect. This claim is also consistent
with the earlier finding that some of the general anesthetics,
such as ethanol25,27,38,39,45,52 and ketamine,30 do not
accumulate in the middle of the membrane at all.
The presence of any kind of dissolved molecules leads to a

decrease of the density in the crowded region of the
headgroups. However, no clear tendency is apparent
concerning the position and height of this density peak apart
from the fact that the increase of the pressure leads to the
increase of the density both in the headgroup region and in the
aqueous phase.

Figure 2. Equilibrium snapshots of the DPPC membranes containing
dissolved DE (top left), PE (bottom left), CF (top right), and CT
(bottom right) molecules, as obtained from the 1 bar simulations.
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The contribution of the different molecules and groups of
the DPPC molecule to the overall density profiles is shown in
Figure 4 for all the solute-containing membranes considered.
As seen, the high-density region around X = ±20 Å indeed
covers the region of the negatively charged PO4 groups,
encloses the vast majority of the esteric C�O groups, and
contains a considerable amount of water. The density of water
drops rapidly toward the middle of the membrane and vanishes
beyond the region of the esteric C�O groups of DPPC. Thus,
the roughly 20 Å wide hydrocarbon core in the middle of the
membrane is practically free from water and the polar groups
of DPPC. The solute molecules are almost exclusively
distributed within this apolar region of the hydrocarbon chains.
Not surprisingly, the increase of pressure leads not only to

the increase of the overall density but also to that of most of
the different molecules and groups. A clear exception in this
respect is water, the density of which is decreased by increasing
pressure within the membrane (while it is evidently increased
in the aqueous phase, see Figure 3). In other words, pressure
“squeezes out” water from the membrane. It is also interesting
to see that the position of the high-density peak of the entire
membrane as well as the density peaks corresponding to the
PO4 and esteric C�O groups are shifted farther from the
middle of the bilayer with increasing pressure. This finding is
somewhat counterintuitive as it indicates that at high pressure,
the membrane is thicker than at 1 bar. This behavior is
probably caused by the ordering effect of the pressure on the
lipid tails, namely, that at high pressure, the conformation of
the lipid tails is straighter than at ambient pressure, which
moves the lipid heads farther away from each other. This point
will be addressed in detail in a subsequent subsection. It is,
however, to be noted that there is no clear difference in the
arrangement of the different groups of DPPC along the

membrane normal in the systems containing anesthetic and
non-anesthetic solutes.
As it has already been stated, the solute molecules

considered infiltrate the entire hydrocarbon interior of the
DPPC bilayer in every case. Although the distributions of these
molecules are markedly different from each other, it is seen
that, besides accumulating in the middle of the membrane,
they always prefer to stay close to the boundary of this
hydrocarbon phase. This preference is reflected in the
occurrence of either a distinct peak or, at least, a shoulder of
the density profiles around X = ±10 Å (see the lower panels of
Figure 4). In fact, the density profile of the solute molecules
can be very well fitted by the sum of three Gaussian functions,
one of which is centered in the middle of the membrane, i.e., at
X = 0 Å, while the other two are mirror images of each other.
This is illustrated in Figure 5, showing this three-Gaussian fit of
the density profiles of all the four solutes considered at 1 bar.
Further, the position of the outer Gaussian, |X2|, as well as the
relative weights of the inner and outer Gaussians, w1 and w2,
respectively, are collected and presented in Table 1 (w2 being
the weight of the two outer Gaussians together). Figure 5 also
shows the density profiles of the esteric C�O groups,
demonstrating that it is very close to the position of the
outer of the fitted Gaussian functions, being only about 3−4 Å
farther from the middle of the membrane.
Here, a clear and marked difference is seen between the

behaviors of the anesthetic and non-anesthetic solutes based
on the relative weights of these Gaussians (see Table 1). Thus,
for both pairs, about three times more anesthetic than non-
anesthetic molecules are accumulated in this outer preferred
position, close to the boundary of the hydrocarbon phase than
non-anesthetic solutes. Further, for anesthetics, always more
than half of the molecules are located in this outer preferred
position, while at least 70% of the non-anesthetic solutes are
accumulated in the middle of the membrane. Considering that
the solvation free energy profile, G(X), is related to the number
density profile, ρ(X), simply as G(X) = −RT ln ρ(X) + C,
where R is the gas constant and C is an additive constant, the
solvation free energy difference between the outer and inner
preferred positions can be estimated using a two-state model,
as

G G G RT
X X

X X
ln

( )d

( )d
2 1

2

1

= =
(2)

where ρ1(X) and ρ2(X) are the density profiles corresponding
to the inner and two outer Gaussians, respectively. The ΔG
values obtained this way are also included in Table 1. As seen,
the difference between the ΔG values obtained for anesthetics
and the corresponding non-anesthetics is about 5.5 kJ/mol, i.e.,
2 RT at the simulation temperature in both cases.
The observed difference in the affinities of the anesthetic

and non-anesthetic solutes to the two preferred positions is
likely related to the fact that while the investigated non-
anesthetics are fully apolar, their anesthetic counterparts are
weakly polar. As a consequence, the interaction of the small
dipole moment of the anesthetic molecules with the polar
region of the headgroups and, in particular, with the dipole
moments of the ester groups, is a driving force of the strong
enrichment of the anesthetics close to the outer boundary of
the hydrocarbon phase (although this driving force is certainly
not strong enough to bring them even out from the apolar
region). On the other hand, the driving force of the preference

Figure 3. Mass density profiles of the membranes simulated along
their normal axis, X. Black solid line: neat DPPC membrane without
any dissolved molecule (simulated at 1 bar), red circles: membranes
with anesthetics, and blue squares: membranes with non-anesthetics.
Filled and open symbols correspond to the systems at 1 and 600 bar,
respectively. Top panel: membranes containing the DE/PE
anesthetic/non-anesthetic pair; bottom panel: membranes containing
the CF/CT anesthetic/non-anesthetic pair. The profiles shown are
averaged over the two leaflets of the membrane.
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of apolar non-anesthetics for staying at the boundary of the
apolar phase is the enhancement of their Lennard-Jones
interaction upon approaching the high-density region of the
headgroups. More specifically, as we have shown recently, the
preference for the outer position of apolar solutes is resulted
from the interplay of their increasing attraction and the

decreasing free volume available for them upon going farther
away from the middle of the bilayer.82 However, in view of the
lack of an additional dipolar interaction, as in the case of the
non-anesthetic molecules, this driving force is certainly weaker
than that caused by the larger availability of empty space in the
middle of the bilayer. As a consequence, the preference of the

Figure 4. Mass density profiles of the membranes, containing dissolved DE (top left), PE (bottom left), CF (top right), and CT (bottom right)
molecules, along the membrane normal axis, X, and contributions of various molecules and groups to these profiles. Top panels: black: entire
system, blue: water molecules, red: DPPC molecules, orange: PO4 groups, brown: esteric C�O groups, and green: chain terminal CH3 groups.
Bottom panel: profile of the dissolved anesthetic or non-anesthetic molecules. Solid lines and symbols correspond to systems at 1 bar and 600 bar,
respectively. The profiles shown are averaged over the two leaflets of the membrane.
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apolar non-anesthetics for the outer position is considerably
weaker than for the middle of the membrane. This finding is
consistent with our earlier claim33,59 that the anesthetic effect
is caused by the molecules that are accumulated at the
boundary of the hydrocarbon region of the membrane. These
results clearly demonstrate that there is a marked difference
between the behaviors of general anesthetics and structurally
similar non-anesthetics in this respect.
3.2. Membrane Dimensions. The average area per lipid,

Al, thickness, l, and volume per lipid, Vl, of the nine membranes
simulated are collected and presented in Table 2. The
thickness of the membrane is estimated by the distance of
the peak positions of the PO4 density profile at the two sides of
the membrane, while the average area and volume per lipid is
calculated as
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respectively, where LY and LZ are the edge lengths of the basic
box within the plane of the bilayer and NDPPC is the number of
DPPC molecules in the basic box. The Al and Vl values
obtained for the neat DPPC membrane agree very well with
existing experimental data of 62 ± 2 and 62.9 ± 0.9 Å2 (area
per lipid)63,83 and 1232 Å3 (volume per lipid).84

As seen from Table 2, the presence of all solutes induces a
clear increase of the area per headgroup, but this change is
considerably, i.e., more than 50%, larger for the anesthetic
solutes than for the corresponding non-anesthetics. This is in a
clear accordance both with the experimental results of Ly et
al.35,36 and with our earlier finding that anesthetics are
accumulated in a considerably higher concentration at the
outer boundary of the hydrocarbon phase than non-
anesthetics. It also indicates that the observed increase of the
area per lipid (or decrease of the lateral density) of the
membrane is caused by the solute molecules located in their
outer preferred position. Considering also that this solute-
induced decrease of the lateral density is clearly reverted by the
increase of the pressure, this effect is likely related to the
molecular mechanism of anesthesia.
Considering the thickness of the membrane, it is seen that

while the presence of anesthetics, in accordance with the
results of some of the early experiments,20 leads to its decrease,
that of the non-anesthetics result in its increase. This difference
can again be explained by the different distributions of these
molecules along the membrane normal axis. Thus, non-
anesthetics are largely accumulated in the middle of the
membrane, and hence they push the two leaflets farther away
from each other. On the other hand, anesthetics prefer
positions among the lipid molecules close to the boundary of
the hydrocarbon phase, thus pushing the DPPC molecules
laterally farther away from each other. This increase of the
empty space between the neighboring lipid molecules allows
them larger conformational flexibility, which eventually leads to
their smaller head-to-tail distance and hence to a decrease of
the membrane thickness. Interestingly, the increase of the
pressure results in larger membrane thickness values,
presumably because of the straightening of the lipid tails, as
it has been discussed in the previous subsection.
The change of the volume per lipid due to the presence of

solutes of different natures and to the pressure does not show
such a clear picture as it reflects the combined changes of both
the area per lipid and the membrane thickness. Thus, the
addition of solute molecules induces an increase of Vl even if it
corresponds to a decrease of the membrane thickness. This
change is understandable, considering that any solute simply

Figure 5. Mass density profiles of the dissolved DE (top left), PE
(bottom left), CF (top right), and CT (bottom right) molecules along
the membrane normal axis, X, as obtained at 1 bar (black filled
circles), together with their fits with the sum of 3 Gaussian functions
(red solid lines) and the individual Gaussians (green dashed lines).
The density profile of the esteric C�O groups are also shown for
reference (blue open circles). Scales at the left and right sides
correspond to the densities of the dissolved molecules and fitted
Gaussians and to that of the esteric C�O groups, respectively. The
profiles shown are averaged over the two leaflets of the membrane.

Table 1. Peak Position of the Outer Gaussian and Relative
Weights of the Inner and Outer Gaussian Functions Used to
Fit the Density Profiles of the Anesthetic and Non-
Anesthetic Molecules in the DPPC Membrane and
Solvation Free Energy Difference between the Two
Preferred Positionsa

system |X2|/Å w1 (%) w2 (%) ΔG/kJ mol−1

DPPC + DE 10.7 43.4 56.6 −0.7
DPPC + PE 12.0 84.1 15.9 4.6
DPPC + CF 11.6 22.9 77.1 −3.3
DPPC + CT 11.0 70.8 29.2 2.4

aThe position of the inner Gaussian is always X1 = 0 Å.

Table 2. Average Thickness, Molecular Surface Area, and
Volume of the Membranes Simulateda

system
area per lipid

(Å2)
membrane
thickness (Å)

volume per lipid
(Å3)

1 bar 600 bar 1 bar 600 bar 1 bar 600 bar

DPPC 61.9 39.7 1228
DPPC + DE 70.0 65.4 38.6 40.5 1351 1325
DPPC + PE 67.0 62.0 40.6 42.2 1359 1309
DPPC + CF 67.7 63.9 38.7 42.1 1309 1341
DPPC + CT 65.6 59.7 40.2 41.1 1318 1227

aError bars are below 0.3 Å2, 0.1 Å, and 10 Å3, respectively.
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increases the number of atoms inside the membrane, and
hence a larger volume is needed to accommodate them. On the
other hand, the increase of the pressure results in a decrease of
the volume per lipid in most of the cases, in accordance with
what is expected from elemental physical chemistry. However,
there is also an exception in this respect, namely, the case of
CF, where the volume per lipid is found to increase slightly
with increasing pressure. To understand this result and resolve
the seeming contradiction, it has to be emphasized that the
volume per lipid calculated according to eq 3 does not account
for the aqueous phase of the system (i.e., what is beyond the
density peak of the PO4 groups). Thus, while the density
between the regions of the PO4 groups in the two leaflets
decreases slightly due to the aforementioned straightening of
the lipid tails and to the fact that high pressure pushes the CF
molecules into the middle of the bilayer (see the top right
panel of Figure 4), the density of the entire system, including
also the aqueous phase, still increases. Furthermore, the
volume per lipid does not take into account the dissolved
molecules, and hence it does not even correspond to the real
(mass) density of the membrane interior (its reciprocal is the
number density of the lipid molecules irrespective of whether
there are any other molecules between them or not). Thus, as
clearly seen from the top right panel of Figure 4, even if the
volume per lipid of the CF containing membrane is larger, the
mass density of even the membrane interior is higher at higher
pressure, as expected.
Nevertheless, among the three membrane dimensions

considered, it is the area per lipid that not only shows a
clear trend with both the nature (i.e., anesthetics vs. non-
anesthetics) of the solute and the pressure and hence changes
consistently with both the anesthetic effect and its pressure
reversal, but it is also in a clear causal relation both with the
distribution of the solute molecules along the membrane
normal and with the further changes discussed in the following
subsections, which eventually trigger the anesthetic effect.
3.3. Order Parameters of the Hydrocarbon Tails. The

local orientational order of the DPPC molecules around their
individual C atoms can be conveniently characterized by the
deuterium order parameter, SCD, which can be calculated
as85,86

S
1
2

3cos 1CD
2=

(5)

In this equation, γ denotes the angle formed by a C−H bond
involving the C atom of interest and the membrane normal,
and the brackets ⟨...⟩ denote ensemble averaging. The value of
SCD calculated for all C atoms along the hydrocarbon tail
characterizes the orientational order along the entire tail. The
main advantage of using SCD instead of other local order
parameters is that it is also accessible experimentally,
performing nuclear magnetic resonance (NMR) measurements
of selectively deuterated samples.
The SCD profiles along the lipid tails are shown in Figure 6 as

obtained in the nine systems simulated. The numbering of the
C atoms starts from that bound to the ester group and goes
toward the chain terminal CH3 group, as shown in Figure 1. It
should be noted that the SCD values shown are averaged over
the two lipid tails; however, apart from those corresponding to
the first C atom, the values obtained along the two chains are
always rather close to each other. The profile obtained in the
neat DPPC membrane is also compared with experimental
data, obtained by Douliez et al. at 323 K.87 The simulation

results agree rather well with the experimental data apart from
the small (i.e., about 7 K) temperature shift.
The obtained results show that in the presence of

anesthetics, which are located preferentially close to the ester
groups (i.e., among the first few C atoms along the
hydrocarbon chains), the orientational order is consistently
lower at the end of the tail, around the last 6−9 C atoms, than
in the neat membrane. This result is in a clear accordance with
our above finding that the anesthetic molecules located close
to the boundary of the apolar region push the DPPC tails
farther away from each other in lateral directions. This
increased surface area occupied by the individual DPPC
molecules give larger conformational flexibility to their tails,
resulting in the observed decrease of the orientational order
parameter. On the other hand, no such change is seen in the
presence of non-anesthetics, which are preferentially located in
the middle of the membrane, between the two leaflets of
DPPC. Further, the increase of the pressure results in a marked
increase of the orientational order along the entire chain in all
cases, confirming our explanation of the pressure-induced
thickening of the membrane (see Section 3.2). These results
indicate that the order parameter profile of the lipid tails is
correlated with the occurrence of the anesthetic effect although
it is most likely not in a causal relation with it.
3.4. Lateral Mobility of the Lipid Molecules. The lateral

mobility of the DPPC molecules is characterized here by their

Figure 6. Profile of the deuterium order parameter along the
hydrocarbon tails of the DPPC molecules. The numbering of the C
atoms is shown in Figure 1. Black asterisks: simulation results in the
neat DPPC membrane; black open circles: experimental data of
Douliez et al., obtained in the neat DPPC membrane at 323 K (ref
87); red circles: membranes with anesthetics; and blue squares:
membranes with non-anesthetics. Filled and open symbols corre-
spond to the systems at 1 and 600 bar, respectively. Top panel:
membranes containing the DE/PE anesthetic/non-anesthetic pair;
bottom panel: membranes containing the CF/CT anesthetic/non-
anesthetic pair. The estimated uncertainty of the data points is always
below 0.005, being smaller than the symbols.
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diffusion coefficient within the plane of the bilayer, D||,
calculated through the Einstein relation73 as

D
t

t
MSD( )

4
=

(6)

In this equation, t r t t r tMSD( ) ( ( ) ( ))i
YZ

i
YZ

0 0
2= + is the

mean squared displacement of the lipid molecules within the
plane of the membrane, YZ, t stands for the time, ri

YZ(t0) and
ri
YZ(t0 + t) are the positions of the ith DPPC molecule
(represented by that of its P atom) in the YZ plane at times t0
and t0 + t, respectively, and the brackets ⟨...⟩ denote ensemble
averaging. The value of D|| has been obtained from the slope of
the linear fit to the MSD vs t data. To ensure that the DPPC
molecules left the ballistic regime and performed diffusive
motion, the first 2 ns of the data have been omitted from the
fitting. No finite size correction88 has been applied as we focus
here on the change of D|| rather than on its accurate value.
The D|| values obtained in the different membranes are

collected and presented in Table 3. The (uncorrected) value of

17.4 μm2/s, obtained in the neat DPPC bilayer, agrees very
well with the experimental data of 17.8 μm2/s.89 As seen, all
the four solutes considered increase the lateral mobility of the
DPPC molecules; however, this increase is considerably larger
for anesthetics than for the corresponding non-anesthetics.
Further, the increase of the pressure to 600 bar leads to a
substantial decrease of the lateral mobility of DPPC.
The behavior of the lateral diffusion coefficient of DPPC

exhibits a clear correlation with the area per lipid as the higher
area per lipid corresponds, in general, to larger lateral diffusion
coefficient values. This is not surprising, considering that the
higher area per lipid (i.e., lower lateral density of the
membrane) provides more space for the DPPC molecules to
move. This additional space is created by all solute molecules
considered, but to a considerably larger extent by the
anesthetics than the corresponding non-anesthetics, while it
is removed by the increase of pressure.
3.5. Free Volume Profile. To investigate the distribution

of the additional empty space created by the solute molecules
along the membrane normal axis, X, we have calculated the
fraction of the empty volume, ϕ, along this axis in the different
systems. For this reason, a set of 5 × 105 test points per sample
configuration has been considered, and it has been checked for
each test point whether it is covered by any of the atoms in the
system. The diameter of each atom has been estimated by its
Lennard-Jones distance parameter, σ. The fraction of the
empty volume has then simply been calculated as the ratio of
the number of test points not covered by any atom and that of
all the test points considered.

The profile of the empty volume fraction along the
membrane normal, ϕ(X), is shown in Figure 7 as obtained

in the different systems simulated. To magnify the effect of the
solute molecules, these profiles (being symmetrized over the
two membrane leaflets) are only shown in one side of the
bilayer. The obtained ϕ(X) profiles exhibit a maximum at
X = 0 Å, i.e., in the middle of the bilayer, a minimum around
|X| = 20 Å in the crowded region of the headgroups, and a
shoulder around |X| = 10 Å at the outer boundary of the
hydrocarbon region. These features are in clear accordance
with the obtained density profiles (see Figures 3 and 4). More
importantly, the obtained results clearly show that the addition
of anesthetics increases the fraction of the free volume at the
outer boundary of the hydrocarbon phase as well as in the
headgroup region, while no such effect is caused by the
corresponding non-anesthetics. This result is understandable,
considering that anesthetics occur in considerably higher
concentrations at the outer boundary of the hydrocarbon
region, hence causing a noticeably larger lateral swelling of the
membrane than the corresponding non-anesthetics. This
finding is consistent with the claim that the lateral swelling
of the membrane is caused by the anesthetic molecules that
stay in their outer preferred position, pushing the DPPC
molecules laterally farther away from each other and thus
creating some additional empty space, and not by those staying
in the middle of the membrane, where no such increase of the
empty space is observed. Finally, as it is clearly seen from
Figure 7, the increase of the pressure decreases the fraction of
the free volume all along the membrane normal axis, in
particular, at the relatively loosely packed hydrocarbon interior
of the bilayer, thus reverting the increase caused by the
presence of the anesthetic molecules.

Table 3. Lateral Diffusion Coefficient of the DPPC
Molecules (in μm2/s Units) in the Different Membranes
Simulated

system 1 bar 600 bar

DPPC 17.4 (17.8)a

DPPC + DE 35.6 17.3
DPPC + PE 31.4 17.4
DPPC + CF 33.9 11.4
DPPC + CT 24.8 12.5

aValue in parenthesis is experimental data from ref 89.

Figure 7. Profile of the fraction of free volume along the membrane
normal axis, X, as obtained in the neat DPPC membrane as well as in
membranes containing DE (top left), PE (bottom left), CF (top
right), and CT (bottom right). Black solid lines: neat DPPC
membrane; red circles: membranes with anesthetics; and blue
squares: membranes with non-anesthetics. Filled and open symbols
correspond to the systems at 1 and 600 bar, respectively. To magnify
the effect of the solute molecules, the profiles (being already
symmetrized over the two leaflets) are only shown in one side of the
membrane.
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3.6. Profile of Lateral Pressure. The lateral pressure
profiles along the membrane normal axis, pL(X), are shown in
Figure 8 as obtained from the simulations at 1 bar. Since these

calculations are still rather demanding and the increase of the
overall pressure strongly shifts the entire profile to higher
lateral pressure values while the effect of the anesthetics on this
profile is rather subtle, we have not calculated the pL(X)
profiles in the 600 bar systems. The strong upward shift of the
pL(X) profile due to the increase of the overall pressure is
illustrated in the inset of Figure 8 using the pL(X) data of the
DE-containing membrane from our previous publication.33 To
magnify the aforementioned subtle effect of the anesthetics, the
(symmetrized) pL(X) profiles are also shown in one side of the
bilayer only.
The obtained pL(X) profiles exhibit a peak in the middle of

the membrane, and one in the region of the headgroups, while
a clear and deep minimum is seen at the boundary of the
hydrocarbon and aqueous domains, around |X| = 15 Å.
Further, while the lateral pressure is positive in most parts of
the membrane, it deeply extends to negative values in this
minimum, i.e., at the boundary of the apolar and polar
domains. This finding is understandable, considering that
negative values of lateral pressure indicate a positive
contribution to the interfacial tension and vice versa.90

Considering the effect of the anesthetic and non-anesthetic
solutes on the lateral pressure profile, it is seen that the
presence of the anesthetics results in a decrease of pL(X) in a
narrow region, between the |X| values of about 13 and 16 Å,
i.e., at the hydrocarbon side of the apolar/polar interface. This
domain is located slightly, i.e., by about 2−3 Å farther from the
middle of the bilayer than the outer preferred position of the
anesthetic molecules (see Figure 5). This apparent decrease of
the lateral pressure evidences the weakening of the interaction
between the lipid molecules that are pushed laterally farther
away from each other by the nearby anesthetics. Since non-
anesthetics occur in this outer preferred position in a
considerably smaller concentration than the corresponding
anesthetics, they do not induce such a decrease of the lateral
pressure in this narrow region. It should finally be emphasized
that the increase of the overall pressure clearly reverts this
anesthetic-induced decrease of lateral pressure.
At this point, we should recall the hypothesis of Cantor,

namely, that anesthesia is caused by anesthetic-induced non-
uniform changes in the lateral pressure profile,54,55 which has
to be reverted by the increase of pressure. Thus, we can
conclude that the above-discussed decrease of lateral pressure
at the inner side of the hydrocarbon/aqueous interface, caused
by the nearby anesthetic molecules staying in their outer
preferred position, is in a causal relation with the occurrence of
the anesthetic effect. This view is also supported by the finding
that structurally similar but completely apolar non-anesthetics
are accumulated in a considerably smaller concentration in this
outer preferred position than the corresponding anesthetics,
and hence they do not induce such a decrease of lateral
pressure at the hydrocarbon/aqueous interface. Finally, it
should be noted that here we found such changes of the lateral
pressure profile at the hydrocarbon side of the apolar/polar
interface in the presence of anesthetics that are also compatible
with the phenomenon of pressure reversal. Therefore, our
results suggest that the relevant conformational changes of the
transmembrane proteins, such as the TREK-1 potassium
channel,91 that can be related to the anesthetic effect are
also expected here. Further investigation of the problem would
therefore involve membrane simulations in the presence of
both general anesthetics and such proteins.

4. DISCUSSION AND CONCLUSIONS
In a set of our previous publications,31−33,59 we were looking
for various membrane properties that change in accordance
with what we know about general anesthesia, i.e., they change
in a certain way upon adding any kind of general anesthetic
and in the opposite way upon applying pressure. We found, in
accordance with numerous similar computer simulation studies
performed in the past two decades,34 that the average area per
lipid is such a property, and its systematic change induces
similar changes, being still compatible with the phenomenon of
general anesthesia, in a number of other membrane properties
(e.g., lateral mobility, tail order, profiles of the free volume, and
lateral pressure). These changes turned out to be independent
from the anesthetic molecule considered32 as well as from the
composition33 and phase31,33 of the membrane. However, one
piece of information was still missing: such changes should not
occur at all or, at least, not at the same extent in the presence
of dissolved molecules having no anesthetic effect. The present
study is intended to fill this gap, demonstrating that non-
anesthetics, even if they are chemically or at least structurally
rather similar to certain anesthetics, do not induce such

Figure 8. Profile of the lateral pressure along the membrane normal
axis, X, as obtained from the simulations performed at 1 bar. Black
solid lines: neat DPPC membrane; red circles: membranes with
anesthetics; and blue squares: membranes with non-anesthetics. Top
panel: membranes containing the DE/PE anesthetic/non-anesthetic
pair and bottom panel: membranes containing the CF/CT
anesthetic/non-anesthetic pair. Encircled is the membrane domain
in which the lateral pressure is decreased by the anesthetics. To
magnify the effect of the solute molecules, the profiles (being already
symmetrized over the two leaflets) are only shown in one side of the
membrane. The inset shows the lateral pressure profiles obtained in
the DE-containing membrane at 1 bar (filled circles) and 600 bar
(open circles) from a previous publication (ref 33).
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changes of the membrane properties or induce them to a much
smaller extent.
Having these results, now we are in the position of

proposing a molecular mechanism of general anesthesia,
which is also compatible with its well-known pressure reversal.
The key point in this respect is the distribution of the
anesthetic molecules along the membrane normal, namely,
their strong preference for staying close to the boundary of the
hydrocarbon phase. The majority of the general anesthetics are
weakly polar, and hence, while they are still dissolved in the
hydrocarbon phase, the favorable interaction of their small
dipole moment with the region of the polar headgroups
represents a stronger driving force than the larger space
available in the middle of the membrane. On the other hand,
non-anesthetics that are dissolved in the hydrocarbon phase
are generally apolar; hence, their distribution along the
membrane normal is driven primarily by steric effects, and
thus their main preference is to stay in the middle of the
membrane.
The anesthetic molecules, staying thus between the lipid

tails, push the lipid molecules farther away from each other,
giving rise to a decrease of the lateral density (i.e., increase of
the area per lipid) of the membrane, an effect that is clearly
reverted at high pressure. This behavior is in a clear accordance
with the half-a-century-old critical volume hypothesis,
suggesting that general anesthesia occurs if the volume per
lipid goes above a certain threshold value.16 However, this
hypothesis can also be refined in light of the recent findings,
namely, that instead of the volume, the surface area per lipid
has to exceed a certain value. This refinement is particularly
important in light of the fact that a number of anesthetics
induce a thinning, while pressure induces a thickening of the
membrane, an effect that, at least partly, compensates for the
surface area-induced changes of the membrane volume.
The decreased lateral density triggers a number of other

changes in the membrane properties, such as the increase of
the free volume, decrease of the order of the lipid tails close to
the region where anesthetics are preferentially staying, or the
increase of the lateral mobility of the lipid molecules. However,
although these changes are certainly correlated with the
occurrence of the phenomenon of general anesthesia, they are
not necessarily in a causal relation with it.
To understand the direct cause of the anesthetic effect, the

pioneering work of Cantor54,55 has to be considered. Thus,
based on thermodynamic arguments, Cantor demonstrated
that conformational changes of certain membrane-bound
proteins, which turn on the anesthetic effect, could be
triggered by non-uniform changes in the profile of lateral
pressure. Considering also the phenomenon of pressure
reversal, these changes should be such that the lateral pressure
is decreased by the anesthetics in certain membrane regions.
Clearly, the decreased lateral density, caused by the anesthetic
molecules staying between the lipid tails, can induce such a
systematic decrease of lateral pressure at the vicinity of the
preferred position of the anesthetics along the membrane
normal, i.e., at the hydrocarbon side of the apolar/polar
interface. On the other hand, non-anesthetics, mostly
accumulated in the middle of the bilayer, and thus staying in
a much smaller concentration between the lipid tails than
anesthetics, cannot induce a noticeable decrease of the lateral
pressure in this region. Thus, unlike the anesthetic-induced
changes in the lateral mobility or ordering of the lipid tails,

those of the lateral pressure profile might indeed well be in a
causal relation with the phenomenon of anesthesia.
After the seminal finding of Cantor,54,55 the task of

explaining the molecular mechanism of general anesthesia
was simplified to the task of explaining how and where the
general anesthetics can alter the lateral pressure profile in such
a way that is consistent (i) with the occurrence of the
anesthetic effect in the presence of any kind of general
anesthetics, (ii) with the lack of such an effect in the presence
of non-anesthetics, and (iii) also with the pressure reversal of
anesthesia. The present work, together with the picture that
emerged from a number of similar studies in the past two
decades,34 can now fill this gap.
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