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Phospholipid membranes containing four different general anaesthetic molecules are simulated 

in the biologically relevant L phase at atmospheric and high pressures.  
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Abstract: 

 Molecular dynamics simulations of the fully hydrated neat 

dipalmitoylphosphatidylcholine (DPPC) membrane as well as DPPC membranes containing 

four different general anaesthetic molecules, namely chloroform, halothane, diethyl ether and 

enflurane have been simulated at two different pressures, i.e., at 1 bar and 1000 bar, at the 

temperature of 310 K. At this temperature the model used in this study is known to be in the 

biologically most relevant liquid crystalline (L) phase. To find out which properties of the 

membrane might possibly be related to the molecular mechanism of anaesthesia, we have been 

looking for properties that change in the same way in the presence of any general anaesthetic 

molecule, and change in the opposite way by the increase of the pressure. This way, we have 

ruled out the density distribution of various groups along the membrane normal axis, 

orientation of the lipid heads and tails, self-association of the anaesthetics, as well as the local 

order of the lipid tails as possible molecular reasons of anaesthesia. On the other hand, we have 

found that the molecular surface area, and hence also the molecular volume of the membrane is 

increased by the presence of any anaesthetic molecule, and decreased by the pressure, in 

accordance with the more than half a century old critical volume hypothesis. We have also 

found that anaesthetic molecules prefer two different positions along the membrane normal 

axis, namely the middle of the membrane and the outer edge of the hydrocarbon region, close 

to the polar headgroups. The increase of the pressure is found to decrease the former, and 

increase the latter preference, and hence it might also be related to the pressure reversal of 

anaesthesia. 
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1. Introduction 

 

 Ever since the first application of anaesthesia in surgery it is known that its molecular 

mechanism is somehow related to the cell membrane. The assumption that general anaesthetics 

are dissolved in the cell membrane was first confirmed experimentally by Meyer
1
 and 

Overton,
2
 who showed that there is a linear dependence of anaesthetic efficiency and the 

oil/water partition coefficient of the general anaesthetic molecules. However, in spite of the 

ongoing scientific investigation of the problem for more than a hundred years, the molecular 

mechanism of general anaesthesia is still far from being understood. The difficulty in 

explaining the mechanism of the action of general anaesthetics originates from the fact that the 

chemical structure, shape, size, and even polarity of the general anaesthetics scatter in a rather 

broad range, and any possible explanation has to account for the effect of all general 

anaesthetics. The problem is further complicated by the experimentally well known fact that 

the effect of general anaesthetics is reverted by the increase of pressure.
3-6

 Therefore, any 

possible explanation of the mechanism of general anaesthesia has to account also for its 

pressure reversal.  

 Possible explanations of this phenomenon can be divided into two main groups. Some 

of these explanations assume that anaesthesia is related to certain changes in the structure 

and/or dynamics of the cell membrane itself, caused by the presence of general anaesthetic 

molecules.
7-13

 Other explanations assume that general anaesthetics alter the function of several, 

e.g., channel forming proteins that are embedded in the membrane.
14-18

 However, considering 

the fact that protein-substrate interactions usually correspond to strongly specific binding, and 

also the large chemical variety of general anaesthetics, the role of any direct protein-

anaesthetics interaction seems to be very unlikely in this respect. Therefore, even if 

anaesthetics alter the structure, and hence the function of certain membrane proteins, it is 

expected to be done indirectly, by altering primarily the membrane properties.  

 Concerning the changes induced by the presence of general anaesthetics in the 

membrane structure and dynamics, several suggestions have been made in the past six decades. 

Thus, among others, anaesthetic molecules were found to increase the membrane thickness by 

ordering the lipid tails,
13,19,20

 and increase the fluidity of the membrane.
6,21

 The critical volume 
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hypothesis of Mullins assumes that by increasing the orientational order of the lipid tails, and 

hence making these tails straighter, general anaesthetics increase the thickness of the 

membrane, and anaesthesia occurs when the molar volume of the membrane exceeds a critical 

value.
7
 This hypothesis can easily account for pressure reversal, since the increase of the 

pressure leads to the decrease of the molar volume. A more recent explanation of Cantor 

conjectures that the changes in the lateral pressure profile induced by the presence of the 

anaesthetic molecules alter the equilibrium conformation of some channel forming proteins, 

and this change is responsible for anaesthesia.
22

 Since this explanation is based on changes in 

the pressure profile, it can, in principle, also account for the phenomenon of pressure reversal.  

 Experimental findings are, however, rather controversial in all these respects. Thus, in 

spite of the above claims concerning the effect of general anaesthetics on the membrane 

properties, several experimental studies have been published in which the membrane thickness 

turned out to be insensitive to the presence or absence of a general anaesthetic,
23,24

 and some 

general anaesthetics were found not to alter or even decrease
23,25

 the order of the lipid tails. 

 Although experimental studies can be well complemented by computer simulations, 

and the mechanism of general anaesthesia has been in the focus of computer simulation 

investigations in the past two decades, results of these studies are not less controversial than 

those of the experiments. Thus, several authors reported both a slight increase
26-28

 and 

decrease
29,30

 of the order of the lipid tails or parts of them in the presence of general 

anaesthetics, although in some cases this effect was too small to be considered as statistically 

significant.
26,27

 Apart from a slight ordering of the lipid tails, Oh and Klein did not find any 

effect of halothane molecules on the properties of a dimyristoylphosphatidylcholine (DMPC) 

bilayer, in accordance with an earlier experimental claim of Franks and Lieb,
17,23

 even if the 

halothane concentration in their simulation well exceeded that of surgical conditions.
28

 Huang 

et al. found some indications that anaesthetic molecules induce structural changes leading to an 

increased membrane fluidity,
26

 again in accordance with earlier experimental claims.
6,21

 Chau 

et al. proposed that anaesthetic molecules might block the binding site of some membrane 

proteins, but the increase of the pressure induces self-aggregation of these molecules. They 

hypothesized that pressure reversal is caused by the fact that such self-aggregates are too large 

to block these binding sites.
27,31

 No sign of such pressure induced self-association of 

anaesthetic molecules was, on the other hand, found in a recent study of ours in a membrane 
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being below the gel – liquid crystalline phase transition.
32

 Griepernau and Böckmann 

calculated the lateral pressure profile in neat and anaesthetic containing membranes at low and 

high pressures,
33

 and found results that are compatible with the earlier claim of Cantor.
22

 

 Another important issue concerns the preferred location of the general anaesthetic 

molecules along the membrane normal axis. By calculating the free energy profile of 

chloroform across a neat DMPC membrane
34

 as well as in DMPC-cholesterol mixed 

membranes of various compositions,
35

 Jedlovszky and Mezei showed that chloroform prefers 

to stay right in the middle of the membrane. Similar conclusions were drawn by Chau et al. 

concerning the preferred location of halothane.
27,31

 On the other hand, Klein et al. found by 

simulating halothane containing dipalmitoylphosphatidylcholine (DPPC) membranes that the 

preferred location of halothane is in the hydrocarbon phase, but close to the region of the polar 

headgroups rather than in the middle of the membrane.
30,36,37

 Similar conclusions were drawn 

earlier by Huang et al. concerning trichloro ethylene as the general anaesthetics,
26

 and also 

very recently by Martin et al. for two local anaesthetic molecules.
38

 These claims were 

supported by subsequent experimental results of Hauet et al., who studied enflurane in DPPC 

membrane.
39

 Porasso et al. demonstrated that the preferred location of the anaesthetic 

molecules depends also on the lipid molecules constituting the membrane.
40

 Recently we 

proposed that, at least in the biologically less relevant gel phase, general anaesthetic molecules 

have a dual preference, and hence locations close to the polar headgroup region and in the 

middle of the membrane are both preferred.
32

  

 Some of the above contradictions can be attributed to the insufficient sampling (i.e., too 

short simulation time, too small system size, too few anaesthetic molecules) in some of the 

earlier simulations. Thus, the total simulation time, including equilibration was below 1 ns,
26

 

around 1 ns
27,29,31

 and around 2 ns
30,36

 in several studies, in spite of the more than ten years old 

finding of Anézo et al. that reliable simulations of phospholipid membranes require at least 10-

20 ns equilibration.
41

 Further, in some early studies the number of the phospholipid and 

anaesthetic molecules did not exceed 36 and 3, respectively.
26,29

 

 However, another important source of the seemingly controversial results might well be 

that different anaesthetic molecules behave differently inside the membrane, and hence modify 

the membrane properties in different ways. On the other hand, the phenomenon of general 

anaesthesia can only be explained by changes induced in the membrane structure by any 
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possible general anaesthetic molecule. Further, because of the pressure reversal this change 

should be such that the increase of the pressure must have an opposite effect on the membrane 

properties. Considering this fact we performed recently a systematic study of the effect of both 

the pressure and the presence of four general anaesthetic molecules of different size, shape and 

polarity on the properties of the DPPC membrane in the gel phase, i.e., slightly below the gel – 

liquid crystalline phase transition of the potential model used.
32

 We found that the average area 

per headgroup and, consequently, the molar volume of the membrane is increased by all the 

four anaesthetic molecules considered, and decreased by the increase of the pressure, whereas 

no such systematic influence of the anaesthetics and pressure was found on other membrane 

properties.
32

 

 In the present paper we extend this study to the biologically more relevant liquid 

crystalline (L) phase. Thus, we report molecular dynamics simulations of the fully hydrated 

neat DPPC bilayer as well as DPPC bilayers containing four different general anaesthetic 

molecules, namely chloroform (CF), halothane (HAL), diethyl ether (DE), and enflurane 

(ENF), both at atmospheric pressure and at 1000 bar. All these simulations are performed at 

body temperature, i.e., 310 K, where the model used is well in the liquid crystalline (L) phase. 

The schematic structure of the molecules used in the simulations is shown in Figure 1. The 

general anaesthetic molecules have been chosen in such a way that their shape ranges from 

almost spherical (CF) to chain-like (DE), their size ranges from 4 (CF) to 11 (ENF) heavy (i.e., 

non-hydrogen) atoms, their mass ranges from 74 (DE) to almost 200 (HAL) atomic units, their 

molecular volume ranges from about 130 (CF) to 200 Å
3
 (ENF), and their molecular dipole 

moment ranges from about 1 (CF) to 2 D (HAL). To magnify any possible effect of both the 

anaesthetic molecules and pressure on the membrane properties we follow the approach of Oh 

and Klein,
28

 and use considerably higher anaesthetic concentrations and pressure than what is 

needed to perform anaesthesia and its pressure reversal, respectively. This way, their effects on 

the membrane properties are exaggerated, making systematic changes better distinguishable 

from statistical noise. To avoid artefacts due to insufficient equilibration or sampling we 

performed about an order of magnitude longer simulations than in the majority of the studies 

reported in this field. We investigate the effect of the presence of anaesthetic molecules as well 

as that of high pressure on several different properties of the membrane, including its thickness 

and average area per headgroup, distribution of various groups along the membrane normal 
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axis, orientational preferences of the lipid tails and headgroups, and local order of the lipid 

tails. In addition, the distribution of the anaesthetic molecules along the membrane normal axis 

as well as their possible pressure induced self-association is also investigated. 

 Our approach is rather simple. We are looking for membrane properties that are (i) 

affected by all the four anaesthetic molecules considered in the same way, and (ii) affected by 

the increase of the pressure in the opposite way, as only such membrane properties can be 

behind any possible explanation of the molecular mechanism of anaesthesia and its pressure 

reversal. On the other hand, all other properties of the membrane (i.e., that are altered by 

different general anaesthetic molecules in different ways, or altered by the increase of the 

pressure in the same way as by the presence of the anaesthetics) can be excluded from the 

explanation of the mechanism of anaesthesia.  

 The paper is organised as follows. In Section 2 details of the calculations performed are 

given. The obtained results are presented and discussed in detail in Section 3. Finally, in 

Section 4 the main conclusions of this study are summarised.  

 

2. Computational details  

 

2.1. Molecular dynamics simulations 

 Molecular dynamics simulations of the fully hydrated neat DPPC bilayer as well as 

DPPC bilayers containing chloroform, halothane, diethyl ether  and enflurane have been 

performed on the isothermal-isobaric (N,p,T) ensemble at the temperature of 310 K. All the 

five systems have been simulated at two different pressures, namely at 1 bar and at 1000 bar. 

The systems simulated consisted of 256 DPPC and 8132 water molecules (the water/DPPC 

ratio being well above the value of 29.1, required for full hydration
42

), and the respective 

systems have contained 112 CF, 72 HAL, 192 DE, and 96 ENF molecules, making the 

anaesthetic mass density roughly equal in the different systems simulated. In order to 

exaggerate the effects to be studied, the used anaesthetic concentrations well exceed those 

employed under surgical conditions, and the applied pressure of 1000 bar also exceeds the few 

hundred bars needed for pressure reversal. To check the validity of this approach, first 

suggested by Oh and Klein,
28

 we have repeated the simulations of the membranes containing 

CF and HAL at the pressure of 100 bar, and also the 1 and 1000 bar simulations of the 
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halothane containing membrane with half of the original halothane concentration (i.e., using 36 

instead of 72 HAL molecules). The obtained results have always been consistent with the 

above approach of Oh and Klein, as the observed effects have indeed been magnified but not 

altered by the exaggeration of the anaesthetic concentration and pressure.  

 DPPC molecules have been modelled by the GROMOS87-based force field, developed 

specifically for lipids by Berger et al.
43

 At the simulation temperature of 310 K the DPPC 

bilayer described by this potential model is known to be above the gel – liquid crystalline 

transition, in the biologically more relevant liquid crystalline (L) phase (the transition 

temperature of this model being 305 K).
44

 Water and halothane molecules have been described 

by the rigid, three site SPC potential
45

 and by the potential model proposed by Scharf and 

Laasonen,
46

 respectively, whereas for the description of the other anaesthetic molecules the 

GROMOS96 force field
47-50

 has been used. All the used potential models are pairwise additive, 

hence, the intermolecular part of the total potential energy of the system is simply the sum of 

the interaction energy of all molecule pairs, and the interaction energy of a molecule pair is 

calculated as the sum of the Lennard-Jones and charge-charge Coulomb contributions of all 

pairs of their interaction sites. CH, CH2 and CH3 groups are treated by these models as united 

atoms. All bond lengths have been kept fixed in the simulations by means of the LINCS 

algorithm,
51

 with the exception of the water molecules, which have been kept completely rigid 

using the SETTLE
52

 method. All interactions have been truncated to zero beyond the group-

based cut-off distance of 9.0 Å; the long range part of the electrostatic interactions has been 

accounted for using the Particle Mesh Ewald summation method
53

 in its smooth (sPME) 

variant.  

 The simulations have been performed using the GROMACS 4.5.5. program package.
54

 

Starting configurations have been taken from our previous simulations.
32

 The equations-of-

motion have been integrated in time steps of 2 fs. The temperature and pressure of the systems 

have been controlled by means of the Nosé-Hoover
55,56

 and Parrinello-Rahman
57

 algorithms, 

respectively, with the characteristic time of 0.5 ps in both cases. Pressure has been controlled 

using a semi-isotropic coupling, i.e., separate couplings in the plane of the membrane and 

along the membrane normal axis. The systems have been equilibrated for 20 ns each, in 

accordance with the suggestion of Anézo et al.
41

  In the subsequent, 20 ns long production 

stage 2000 equilibrium configurations per system, separated from each other by 10 ps long 
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trajectories each have been dumped for the analyses. To demonstrate that the systems have 

been properly equilibrated, the evolution of the total energy of the systems simulated at 1 bar 

during the entire course of the simulations, and that of the volume and and cross section area of 

the basic box of these systems during the production stage of the simulations are shown in 

Figure S1 of the Supplementary Information. An equilibrium snapshot of the systems 

containing anaesthetic molecules both at 1 bar and at 1000 bar are shown in Figure 2, as taken 

out from the simulations.  

 

3. Results and discussion 

 

3.1. Density profiles 

 3.1.1. Lipid density profiles  

 The mass density profile of the five simulated membranes are shown in Figure 3 as 

obtained both at 1 bar and 1000 bar, whereas Figure 4 compares these profiles with the number 

density profiles of selected lipid atoms. The electron density profile obtained for the pure 

DPPC membrane at 1 bar compares reasonably well with available experimental data
42

 (see the 

inset of Fig. 3). As is seen, the presence of the anaesthetic molecules has no clear influence on 

the mass density profile. Thus, at 1 bar, the density in the middle of the membrane is increased 

by the presence of HAL and ENF; however, it turned out to be insensitive to the presence of 

CF, and even decreased slightly in the presence of DE. Similarly, HAL and ENF turn out to 

increase, whilst CF and DE to decrease the membrane density at a distance of about 10 Å from 

the membrane center, i.e., at X ~ ±10 Å, at the outer part of the hydrocarbon region, in the 

vicinity of the polar headgroups (see Fig. 4). Further, the different anaesthetic molecules have 

the same, although considerably more marked effect on the membrane density profile at 

1000 bar than at 1 bar. The position and density of the polar headgroup region is found to be 

rather insensitive to the presence or absence of anaesthetic molecules at 1 bar, whereas at 

1000 bar the presence of DE and ENF have lead to a noticeable increase of the headgroup 

density. The position of the density peak in the headgroup region, located at X = ±17.0 Å in the 

neat DPPC membrane at both pressures considered, has moved slightly outward in the 

presence of anaesthetics.  
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 In general, the increase of the pressure has led to a more uniform mass distribution 

along the membrane normal axis, as it has decreased the density around its maximum in the 

headgroup region, and increased it in the low density region of the hydrocarbon tails (see Fig. 

4). However, there are exceptions also in this respect, as the headgroup density has not 

changed by the pressure increase in the presence of DE and ENF. No systematic effect of the 

presence or absence of anaesthetics as well as that of the pressure is seen on the density 

profiles of the various lipid atoms either.  

 

 3.1.2. Anaesthetic density profiles 

 The mass density profiles of the anaesthetic molecules are also shown in Fig. 4 both at 

1 bar and 1000 bar. The obtained profiles indicate two preferred positions of the anaesthetic 

molecules along the membrane normal axis in every case. Thus, at 1 bar the density profiles of 

CF, ENF and DE have their peak at X = 0 Å, i.e., right at the middle of the membrane, but 

exhibit a clear shoulder around the X values of ±10 Å, this shoulder being the strongest and 

weakest when DE and CF, respectively, is used as anaesthetic. As is seen from Fig. 4, the 

location of this shoulder is close to the position of the double bonded esther O atoms of the 

lipid tails, which marks the boundary between the regions of the apolar tails and polar 

headgroups. Moreover, the density profile of HAL has its two main peaks at X = ±10 Å, and 

only a small, secondary peak occurs in the middle of the membrane.  

 The preference of the anaesthetic molecules for being in the middle of the membrane 

can be simply explained by steric effects, as this is clearly the lowest density part of the 

membrane (see Fig. 3). On the other hand, if the anaesthetic molecule is located in the apolar 

part of the membrane but close enough to the headgroup region, its small dipole moment might 

favourably interact with the nearby headgroups. This effect is particularly strong in the case of 

the HAL molecule, the exceptionally strong preference of which for this region can be 

explained by the fact that its CH group, linked to two atoms of high electronegativity (see Fig. 

1), can form a weak, C-H
....

O type hydrogen bond with both the oxo (i.e., =O) and ether (i.e., 

-O- ) oxygen atoms of the esther groups linking the lipid tails to the glycerol backbone.
32

  

 The most evident change induced by the pressure increase on the anaesthetic density 

profiles is an overall increase of the density, while it leaves the above dual preference of the 

anaesthetic molecules basically unchanged, although the shoulders at ±10 Å of the DE and 
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ENF profiles turn into separate peaks at 1000 bar. The only exception in this respect is the 

profile of HAL, on which the small maximum located at X = 0 Å at 1 bar turns into a minimum 

at 1000 bar. 

 To further investigate this point, we have fitted the sum of three Gaussian functions to 

the obtained anaesthetic density profiles at both pressures considered. Since the density profiles 

calculated in the simulations are always symmetrised over the two leaflets of the membrane, 

the middle Gaussian of this fit is always placed at X1 = 0 Å, while the other two Gaussians, the 

positions of which are denoted by ±X2, are mirror images of each other. The anaesthetic density 

profiles have always been fitted very accurately this way, as shown in Figure 5, with the 

exception of the HAL profile at 1000 bar. In this case, the fitting procedure yielded an 

unphysical (too broad) central Gaussian, its width parameter being comparable with the 

thickness of the entire membrane. We have regarded this finding as a sign of the loss of the 

preference of the HAL molecules for being in the middle of the membrane, and hence here we 

have only used the two Gaussians located at ±X2 in the fitting procedure. The centre of the 

outer Gaussians, X2, as well as the weights of the individual Gaussians in the fitting function w1 

(being that of the middle Gaussian) and w2 (being that of the two outer Gaussians together) are 

collected in Table 1.  

 As is seen, the increase of the pressure has no systematic effect on the location of the 

outer peaks, however, it clearly leads to the increase of the weight of these outer Gaussians, 

and to the decrease (and, in the case of HAL, even to the disappearance) of the Gaussian in the 

middle of the membrane. The weakening of the preference of the anaesthetic molecules for 

being in the middle of the membrane with increasing pressure is in accordance with the fact 

that at higher pressures the density in the middle of the membrane is increased, making this 

position less favourable for the anaesthetic molecules.  

 

3.2. Average area and volume per lipid 

 To test the validity of the critical volume hypothesis,
7
 namely that anaesthesia occurs 

when the (molar) volume of the cell membrane exceeds a critical value, we have calculated the 

average surface area of the membrane per DPPC molecule in all the systems simulated, and 

estimated the volume of the membrane using the peak-to-peak distance of the membrane mass 

density profile as an estimate of the membrane thickness. The results are summarised in Table 
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2. The error bar of the obtained surface area values is always below 2 Å
2
. The molecular 

surface area value of 64.3 Å
2
, obtained for the neat DPPC membrane at 1 bar is in a reasonable 

agreement with the experimental values of 62 ± 2 Å
2
,
58

 and 62.9 ± 1.3 Å
2
,
42

 both measured by 

Nagle et al.   

As is seen, at 1 bar both the average molecular surface area and volume of the 

membrane have increased noticeably (i.e., by 5-10 %) in the presence of anaesthetic molecules. 

Further, these values are rather insensitive to the particular choice of the anaesthetic molecule, 

once the mass density of the anaesthetics is fixed, as in our simulations. Thus, the values 

obtained with the four anaesthetic molecules considered always agree with each other within 

2% in the case of the average area, and 3% in the case of the average volume per lipid. 

Furthermore, the increase of the pressure leads to a substantial, 5-15% decrease of both 

quantities in every case. Our results are thus in a clear agreement with the critical volume 

hypothesis of Mullins (although, obviously, they are not enough to prove it). Thus, in systems 

in which anaesthesia is supposed to occur, the average surface area and volume of the 

membrane per DPPC molecule are above a certain critical value, being somewhere around 

65.5 Å
2
 and 1140 Å

3
, respectively, whereas in those systems in which anaesthesia is not 

supposed to occur they are below these critical values. In other words, both the average surface 

area and volume of the membrane per lipid molecule behave in the same way (i.e., increase) 

upon addition of anaesthetic molecules, irrespective of their chemical form, and behave in the 

opposite way (i.e., decrease) upon increasing the pressure. Hence, this behaviour can well be 

related to the molecular mechanism of anaesthesia.  

 It should be noted, however, that although our results are in accordance with the critical 

volume hypothesis in general, the details of this behaviour has turned out to be completely 

different from our simulations than what was previously assumed. Namely, Mullins expected 

the anaesthetic molecules to increase the thickness of the membrane, without altering its lateral 

density.
7
 Our results, on the other hand, have revealed an opposite behaviour: whilst the peak-

to-peak distance (i.e., thickness) of the membrane is found to be insensitive both to the 

presence/absence of the anaesthetic molecules and to the pressure (see the discussion in the 

previous subsection), the lateral density of the membrane (i.e., its average area per lipid) 

behaves in exactly the same way as the molar volume. In this sense, contrary to the original 
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hypothesis of Mullins, based on a critical membrane thickness, the critical volume behaviour 

observed here is based on a critical surface density phenomenon.  

 

3.3. Self-association of anaesthetics 

 Another possible explanation of the molecular mechanism of anaesthesia and its 

pressure reversal is based on the claim that at high pressure values the anaesthetic molecules 

form self-associates, and thus lose their ability to act as anaesthetics.
27,31

 To check the validity 

of this assumption, we have calculated the size distribution of the aggregates formed by the 

anaesthetic molecules at different pressures. Two anaesthetic molecules are considered here as 

being “bound” to each other if the distance of their centres-of-mass is below the first maximum 

position of the corresponding radial distribution function, i.e., the two molecules are in the first 

coordination shell of each other. According to the respective radial distribution functions these 

cut-off distances have been chosen as 7.9 Å, 9.0 Å, 6.9 Å, and 6.5 Å for CF, HAL, DE and 

ENF, respectively.
32

 Two anaesthetic molecules are then regarded as belonging to the same 

self-associate if they are linked together via bound molecule pairs. 

 The obtained self-associate cluster size distributions are shown in Figure 6 for all the 

four anaesthetic molecules. For completeness, this figure includes even the results we obtained 

at 100 bar as well as with HAL at lower concentration. As is seen, at least some of the 

anaesthetic molecules do not show any particular preference for self-association. Thus, for 

instance, more than 80% of the ENF molecules are isolated from each other at both pressures. 

More importantly, the tendency of the different anaesthetic molecules for self-association 

clearly turns out to be pressure independent, as the associate size distributions obtained at 

different pressures are practically identical to each other for all the four anaesthetic molecules 

considered. This finding clearly reveals that self-association of the anaesthetic molecules can 

be ruled out as a possible molecular reason of anaesthesia, as it cannot account for its pressure 

reversal.  

 

3.4. Lipid orientation 

 3.4.1. Orientation of lipid tails and heads  

 Another frequent claim concerning the molecular background of anaesthesia is that in 

the presence of anaesthetic molecules the lipid tails are, on average, in more extended 



 15 

conformations, in other words, anaesthetics have an ordering effect on the lipid tails.
13,19,20

 This 

idea is behind, among others, the aforementioned critical volume hypothesis of Mullins,
7
 as the 

increase of the membrane thickness in the presence of anaesthetics is supposed to occur right 

because of this straightening of the lipid tails. To test this idea, we have calculated the cosine 

distribution of the angle , formed by the membrane normal vector, X (pointing, to our 

convention, towards the middle of the membrane), and the vector describing the overall 

orientation of the lipid tail. This latter vector is defined as pointing from the first CH2 group of 

the tail (marked by 1 in Fig. 1) to the chain terminal CH3 group. For completeness, we have 

also calculated the cosine distribution of the angle , formed by the membrane normal vector, 

X, and the vector pointing from the P to the N atom of the DPPC headgroup. (Since these two 

atoms are the centres of the negative and positive charges, this vector roughly estimates the 

dipole moment of the zwitterionic headgroup of DPPC.)  

 The cosine distributions obtained in the systems simulated are shown in Figure 7. As is 

seen, the distribution of cos, describing the headgroup orientation, is rather insensitive both to 

the presence of anaesthetic molecules and to the pressure. The PN vector prefers to lay parallel 

with the membrane, in order to allow the dipole vectors of the neighbouring headgroups taking 

relative alignments in which their electrostatic attraction is sufficiently large. It should be noted 

that in real biological membranes the lipid headgroups are in contact with physiological 

electrolyte solution rather than neat water, as in the case of our simulation, which might well 

affect the observed orientational preferences. However, what is important from our purpose is 

that neither the pressure nor the presence of the anaesthetic molecules have a noticeable effect 

on these distributions.  

 Unlike in the case of the headgroups, the increase of the pressure indeed has an overall 

straightening effect on the lipid tails. However, the tail orientation, similarly to that of the 

headgroups, is again found to be completely insensitive to the presence or absence of the 

anaesthetic molecules in the system. This finding is also in a clear accordance with the 

previously discussed insensitivity of the peak-to-peak distance of the mass density profiles 

(i.e., membrane thickness) to the presence of the anaesthetic molecules. Therefore, changes in 

the orientation of different parts of the lipid molecules cannot be related to the molecular 

reasons laying behind the phenomenon of anaesthesia, either.  
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 3.4.2. Deuterium order parameters 

 Although the overall orientation of the lipid tails turned out to be insensitive to the 

presence or absence of anaesthetic molecules, the local order of the tails might still well 

depend on that. To investigate this point, we have determined the deuterium order parameter 

profile of the lipid tails in the systems simulated. The deuterium order parameter, SCD, 

accessible experimentally by nuclear magnetic resonance (NMR) measurements of selectively 

deuterated samples, describes the local orientational order of the hydrocarbon tail around its 

individual CH2 groups. SCD is defined as
59,60

 

 

       
3

2 yyxx
CD

SS
S


 ,    (3) 

where the Sij element of the order parameter tensor can be calculated as  

 

2

coscos3 ijji
ij





S .    (4) 

Here ij is the Kronecker delta, whereas i and j denote the angles formed by the membrane 

normal axis, X, and the ith and jth axis, respectively, of the molecule-fixed, local Cartesian 

frame. Since in our simulations the CH2 and CH3 groups are treated as united atoms, this local 

frame is defined in the following way.
59,60

 Its origin is the C atom in question along the 

hydrocarbon tail, its axis z connects the C atoms preceding and following it along the chain, 

axis y, being perpendicular to z, still lies in the plane defined by these three C atoms, while axis 

x is perpendicular to the above two. Clearly, the SCD parameter can thus be not defined for the 

first and last C atoms of the lipid tails.  

 The order parameter profiles obtained in the systems simulated are shown and 

compared to each other in Figure 8. The numbering scheme of the C atoms used along the tails 

is shown in Fig. 1. The inset shows a comparison of the SCD profile obtained here for the neat 

lipid membrane at 1 bar with that obtained previously at 300 K,
32

 an also with the experimental 

data of Douliez et al., obtained in the liquid crystalline (L) phase of DPPC, at 338 K by NMR 

measurement.
61

 As is seen, the present results agree very well with the experimental data, 

giving thus some additional confidence of the present results. More importantly, the shape of 

the simulated profiles obtained at different temperatures are characteristically different from 
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each other in the region of the first few carbon atoms, indicating that the two simulated 

membranes are in different phases, and hence the present results are indeed obtained in the 

biologically more relevant liquid crystalline (L) phase.  

 As is seen from Fig. 8, in accordance with the overall orientation of the lipid tails, 

pressure has a clear and marked effect on the order parameter profile, as its increase has led to 

a clear increase of the SCD parameter along the entire tail in every case. No such clear effect of 

the presence of the anaesthetic molecules is, however, seen at the SCD profiles. Nevertheless, at 

1 bar, the presence of all anaesthetic molecules considered has turned out to increase the 

orientational order of the tails up to about the eighth C atom, although at 1000 bar the addition 

of DE to the membrane has led to the decrease of SCD all along the entire tail. The ordering 

effect of the anaesthetic molecules in this part of the tail is clearly related to the fact that these 

tail C atoms are located in the X range corresponding to one of the two preferred locations of 

the anaesthetics. On the other hand, in the membrane interior, i.e., beyond the eighth C atom, 

no clear effect of the anaesthetics is observed on the SCD order parameter profile. 

 Although all anaesthetic molecules considered here have the same, though weak effect 

on the local orientational order of the lipid tails, at least in the region of their first few C atoms, 

this effect cannot be related again to the molecular mechanism of anaesthesia, as the increase 

of the pressure leads to much more pronounced changes to the same direction (i.e., causes a 

further increase of the local tail order), and hence these changes are incompatible with the 

phenomenon of pressure reversal of anaesthesia.  

 Finally, to check whether the presence of anaesthetic molecules might lead to the 

systematic decrease of the local orientational order of at least some of the lipid tails, we have 

calculated the SCD order parameter profiles in the anaesthetic containing systems at 1 bar 

separately for the lipids that are close to an anaesthetic molecule and that are far from 

anaesthetic molecules. In this respect, a DPPC and an anaesthetic molecule have been 

considered to be close to each other if the lateral distance (i.e., distance within the YZ plane) of 

their centres-of-mass is less than 8.3 Å, the first minimum position of the corresponding radial 

distribution function.
32

 The order parameter profiles obtained this way are shown and 

compared to that of the neat DPPC membrane in Figure 9. Although the local orientational 

order of the tails that are close to an anaesthetic molecule is, in general, somewhat lower than 

that of those being far from anaesthetics, in some cases (e.g., in the presence of DE) the order 
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of both type of tails is clearly larger than in the absence of anaesthetics. Therefore, changes 

even in the local orientational order of the lipid tails can be excluded from the possible 

molecular reasons that might be behind the phenomenon of anaesthesia.  

 

 

4. Summary and Conclusions 

 

 In this paper we performed a systematic study of the effect of general anaesthetic 

molecules as well as of high pressure on the properties of a DPPC membrane in the 

biologically most relevant liquid crystalline (L) phase. Our approach was that only such 

membrane properties can possibly be related to the molecular mechanism of anaesthesia that 

are (i) changed in the same way by the presence of all general anaesthetic molecules, and (ii) 

are changed in the opposite way by the increase of the pressure, to be consistent also with the 

phenomenon of pressure reversal. Neither the density profiles of the entire membrane as well 

as of selected lipid groups or anaesthetic molecules, nor the orientation of the lipid tails and 

headgroups, nor the deuterium order parameter profile of the lipid tails, characterising the local 

orientational order turned out to be such a property, and thus their changes can be ruled out as 

possible molecular reasons behind the phenomenon of anaesthesia. Furthermore, the self-

association of the anaesthetic molecules turned out to be completely pressure independent, and 

hence it cannot be related to anaesthesia, either. In fact, we only found one membrane property, 

namely the average membrane volume per lipid molecule that fulfils both of the above 

conditions. When the molecular volume of the membrane was decomposed to the surface area 

per lipid and membrane thickness, it turned out that while the membrane surface area also 

follows our above two rules, i.e., increases in the presence of anaesthetics and decreases at high 

pressure, the membrane thickness does not show a clear dependence on the presence of 

anaesthetic molecules and pressure. 

 Our finding is in accordance with the more than half a century old critical volume 

hypothesis of Mullins,
7
 however, the origin of this critical volume behaviour turned out to be 

different than what was originally hypothesized. Namely, the membrane volume per lipid 

exceeds a critical value in all cases when anaesthesia is supposed to occur, and remains below 

this critical value otherwise because of the similar behaviour of the membrane surface area, 
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and not the membrane thickness, as it was assumed by Mullins.
7
 All these results indicate that 

the anaesthetic-induced lateral expansion and pressure-induced lateral contraction of the 

membrane can well be behind the molecular mechanism of anaesthesia and its pressure 

reversal (although, obviously, the present study cannot prove a causal relation between them).  

 Another important finding of the present work is that general anaesthetic molecules 

have a dual preference for locations along the membrane normal axis, although the relative 

strengths of these two preferences can change strongly from one anaesthetic to the other. 

Nevertheless, all the four anaesthetic molecules prefer to stay right in the middle of the 

membrane, and also about 10 Å away from it, close to the polar headgroups, yet in the 

hydrocarbon region. The former position is stabilised by steric effects (low density in the 

middle of the membrane), while the latter position is likely to be stabilised by the interaction 

between the headgroup region and the weakly polar anaesthetic molecules. In the case of 

halothane, this position is further stabilised by the formation of weak C-H
....

O type hydrogen 

bonds between the halothane CH groups and esther O atoms of the lipids. The increase of the 

pressure led to the relative weakening of the preference for the former, and strengthening of 

that for the latter position, possibly by increasing the density in the middle of the membrane. 

Therefore, the pressure-induced changes of this dual preference might also be related to the 

pressure reversal of anaesthesia; if this is indeed the case than the phenomenon of anaesthesia 

itself must be caused by those anaesthetic molecules that are located in the middle of the 

membrane.  
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Tables 

 

 

Table 1. Peak position and relative weighs of the individual Gaussian functions the sum of 

which is used to fit the anaesthetic number density profiles. (The position of the middle peak is 

always at X1 = 0 Å.) 

  membrane 
             X2/Å                  w1                w2 

1 bar 1000 bar  1 bar 1000 bar  1 bar 1000 bar 

DPPC + CF     9.6       8.8       84%     62%      16%       38% 

DPPC + HAL     9.9       9.5       30%       0%      70%     100% 

DPPC + DE     9.8       8.0       63%     25%      37%       75% 

DPPC + ENF     9.2       9.7       65%     58%      35%       42% 

 

 

 

 

 

Table 2. Average molecular surface area and volume of the membranes simulated. 

membrane 
surface area per DPPC (Å

2
)  membrane volume per DPPC (Å

3
) 

1 bar 1000 bar  1 bar 1000 bar 

pure DPPC 64.3 ± 2.0 58.2 ± 1.8  1093 ± 45   989 ± 41 

DPPC + CF 67.1 ± 2.1 58.4 ± 1.8  1191 ± 49 1051 ± 43 

DPPC + HAL 67.0 ± 2.1 60.8 ± 1.9  1156 ± 48   942 ± 40 

DPPC + DE 68.2 ± 2.2 64.2 ± 2.0  1194 ± 51 1123 ± 46 

DPPC + ENF 67.1 ± 2.1 59.2 ± 1.9  1174 ± 49 1095 ± 46 
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Figure Legend 

 

Fig. 1.  Schematic structure of the lipid and anaesthetic molecules used in the simulations. The 

numbering scheme of the lipid tail C atoms used throughout this paper is also indicated.   

 

Fig. 2.  Equilibrium snapshots of the DPPC membranes containing CF (top row), HAL (second 

row), DE (third row), and ENF (bottom row), as taken out from the simulations performed at 

1 bar (first column) and 1000 bar (second column). The O, N, P and C atoms of the lipid 

molecules are represented by red, dark blue, yellow, and grey colours, respectively, whereas H 

atoms are omitted from the snapshots. Water molecules are shown by thin, dark cyan sticks. 

For better visibility, CF, HAL, DE, and ENF molecules are shown enlarged, by green, blue, 

pink, and brown colours, respectively. 

 

Fig. 3.  Mass density profile of the DPPC membranes simulated without anaesthetics (open 

circles), with CF (black solid lines) with HAL (red dashed lines), with DE (green dash-dotted 

lines), and with ENF (blue dash-dot-dotted lines) at 1 bar (top panel) and at 1000 bar (bottom 

panel). The inset shows a comparison of the simulated electron density profile of the neat 

DPPC membrane at 1 bar (solid line) with the experimental data of Nagle et al.
42

 (full squares). 

The profiles are averaged over the two leaflets of the membrane. Error bars are below 

0.01 g/cm
3
. 

 

Fig. 4.  Mass density profiles of the simulated membranes (top panels), number density profiles 

of selected lipid atoms: headgroup P (red), oxo O of the esther groups (blue) and chain terminal 

C (green) (middle panels), and mass density profiles of the anaesthetic molecules (bottom 

panels) in the membranes containing CF (top left graph), HAL (top right graph), DE (bottom 

left graph), and ENF (bottom right graph) at the pressures of 1 bar (solid lines) and 1000 bar 

(full circles). The profiles are averaged over the two leaflets of the membrane. Error bars are 

below 0.01 g/cm
3
 and 0.0001 Å

-1
. 



 25 

 

Fig. 5.  Mass density profiles of the anaesthetic molecules (full symbols) as obtained at 1 bar 

(left panel) and 1000 bar (right panel). The profiles of CF, HAL, DE and ENF are shown by 

squares, circles, up triangles and down triangles, respectively. The sum of three Gaussian 

functions fitted to these profiles and the individual Gaussians contributing to the total fitting 

function (see the text) are also shown (red solid lines and blue dashed lines, respectively). The 

profiles are averaged over the two leaflets of the membrane. Error bars are below 0.01 g/cm
3
. 

 

Fig. 6.  Size distribution of the self-associates formed by the anaesthetic molecules CF (top 

panel), HAL (second panel), DE (third panel) and ENF (bottom panel) in the membrane at 

1 bar (white columns), 100 bar (grey columns) and 1000 bar (black columns). The inset shows 

the results obtained using half of the HAL concentration. Error bars are below 0.001 units. 

 

Fig. 7.  Cosine distributions of the angles  (left) and  (right), formed by the membrane 

normal vector, X (pointing towards the middle of the membrane), with the vectors pointing 

from the headgroup P to N atom, and from the first to the last tail C atom, respectively, of the 

DPPC molecules. Black solid lines: results in the pure DPPC membrane at 1 bar, red dashed 

lines: results in the anaesthetic containing membrane at 1 bar, blue lines with open circles:  

results in the anaesthetic containing membrane at 1000 bar. The top, second, third, and fourth 

panels correspond to membranes containing CF, HAL, DE, and ENF, respectively. 

 

Fig. 8.  Deuterium order parameter profiles of the CH2 groups along the DPPC tails (averaged 

over the two tails of the DPPC molecule), as obtained in the neat DPPC membrane (thick 

orange lines) at 1 bar (solid line) and 1000 bar (dashed line), and in the membranes containing 

CF (black squares), HAL (red circles), DE (green triangles), and ENF (blue diamonds) at 1 bar 

(full symbols) and 1000 bar (open symbols). The inset shows a comparison of the simulated 

SCD profile of the neat DPPC membrane at atmospheric pressure as obtained at 310 K 

(asterisks) and 300 K (open circles)
32

 with the experimental data of Douliez et al., obtained at 

338 K (full circles).
61

 The lines connecting the symbols are just guides to the eye. Error bars 

are only shown when larger than the symbols. 
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Fig. 9.  Deuterium order parameter profiles of the CH2 groups along the DPPC tails (averaged 

over the two tails of the DPPC molecule), as obtained at 1 bar in the neat DPPC membrane 

(black asterisks), and in the anaesthetic containing membrane for the lipid molecules that are 

close to an anaesthetic molecule (red open circles) and that are far from the anaesthetic 

molecules (blue full circles). For the definition of lipids being close to or far from anaesthetics, 

see the text. The top, second, third, and fourth panels correspond to membranes containing CF, 

HAL, DE, and ENF, respectively. The lines connecting the symbols are just guides to the eye. 

Error bars are only shown when larger than the symbols. 
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Figure 1 

Fábián et al. 
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Figure 2 

Fábián et al. 
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Figure 3 

Fábián et al. 
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Figure 4 

Fábián et al. 
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Figure 5 

Fábián et al. 
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Figure 6 

Fábián et al. 
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Figure 7 

Fábián et al. 
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Figure 8 
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Figure 9 

Fábián et al. 
 

2 4 6 8 10 12 14

0.10

0.15

0.20

0.10

0.15

0.20

0.10

0.15

0.20

0.10

0.15

0.20

ENF

 

 

Carbon atom number

 pure lipid

 lipid near to an anesthetic

 lipid far from anesthetics

DE

 

 

 

HAL

 

 

 

CF

 

 

 

-S
C

D

 
 


