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ABSTRACT: A mechanism of general anesthesia is suggested and investigated using lattice statistical
thermodynamics. Bilayer membranes are characterized by large lateral stresses that vary with depth within
the membrane. Incorporation of amphiphilic and other interfacially active solutes into the bilayer is
predicted to increase the lateral pressure selectively near the aqueous interfaces, compensated by decreased
lateral pressure toward the center of the bilayer. General anesthesia likely involves inhibition of the
opening of the ion channel in a postsynaptic ligand-gated membrane protein. If channel opening increases
the cross-sectional area of the protein more near the aqueous interface than in the middle of the bilayer,
then the anesthetic-induced increase in lateral pressure near the interface will shift the protein conformational
equilibrium to favor the closed state, since channel opening will require greater work against this higher
pressure. This hypothesis provides a troigchanisti@andthermodynamieinderstanding of anesthesia,

not justcorrelationsof potency with structural or thermodynamic properties. Calculations yield qualitative
agreement with anesthetic potency at clinical anesthetic membrane concentrations and predict the alkanol
cutoff and anomalously low potencies of strongly hydrophobic molecules with little or no attraction for
the aqueous interface, such as perfluorocarbons.

Although there is general agreement that the site of action property (e.g., a temperature increase 6€) that does not
of general anesthetics involves postsynaptic ligand-gated ioninduce anesthesia (Franks & Lieb, 1982, 1994). Also,
channels, anechanisticinderstanding of general anesthesia exceptions such as the cutoff in potency for langlkanols
does not yet exist (Miller, 1985; Forman & Miller, 1989; and the anomalously low potency of perfluorinated hydro-
Franks & Lieb, 1994; Forman et al., 1995). On the one hand, carbons and the lighter inert gases remain unexplained
the well-studied correlation between anesthetic potency and(Franks & Lieb, 1985; Miller et al., 1989; Koblin, 1994).
membrane concentration would seem to implyiadirect [The additional requirement of some degree of aqueous
mode of action of general anesthetics on membrane proteinsjnterfacial activity in addition to membrane solubility
effected through some perturbation of the lipid bilayer. (Yoshino et al., 1994; Pohorille et al., 1996; Pohorille &
Explanations of this type have been offered, involving phase Wilson, 1996) eliminates some of these anomalies, consistent
separation or changes in bilayer thickness, order parameterswith results presented here.] Most importantly, with a few
or curvature elasticity, and have been extensively reviewed exceptions such as the work of Trudell (1977) discussed
(Miller, 1985; Janoff & Miller, 1982; Koblin, 1994). These below, they usually do not provide @usal(mechanistic)
approaches generally suffer from three weaknesses. Mem-+elationship between anesthetic potency and the perturbed
brane perturbations are relatively small at clinical anesthetic structural or thermodynamic property. In a seminal paper,
levels, often duplicated with a small variation of a different Gruner and Shyamsunder (1991) have considered an effect
closely related to that presented here, although they do not
® Abstract published i\dvance ACS Abstract§ebruary 15,1997.  suggest anechanismas described in greater detail below.
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Other evidence suggests a mechanism in which generalwhere its area increases the most. In that case, the
anesthetics inhibit (or possibly potentiate) an ion channel thermodynamic equilibrium between the closed (resting) and
protein by bindinglirectlyto it (Franks & Lieb, 1984, 1987,  open states of the ion channel protein would shift toward
1994). The correlation between anesthetic potency andthe resting state. The hypothesis is simple: a shift in lateral
inhibition of the water-soluble protein luciferase favors such pressure from the center of the bilayer toward the aqueous
a mechanism, particularly because it exhibits a cutoff in interfaces results in inhibition, since greater mechanical work
inhibition for longn-alkanols. A direct binding mechanism is then needed to open the ion channel. Anesthetic potency
is also supported by the observation of a mild difference in is determined by the membrane concentration of anesthetic
potency among stereoisomers of some anesthetics, althoughequired to shift the protein conformational equilibrium
this result does not rule out a bilayer-mediated mechanism, substantially toward the closed state.
given the existence of chiral molecules in the membrane. As mentioned above, the idea that anesthetic-induced
Recent kinetic studies on the inhibition of the nicotinic variations in the lateral pressure profile might somehow be
acetylcholine receptor of the neuromuscular junction in coupled to altered protein function is not new (Gruner &
Torpedoare consistent with the action of anesthetics on a Shyamsunder, 1991; Seddon & Templer, 1995). In a
well-defined site distinct from the agonist site (Wood et al., particularly elegant presentation, Gruner and Shyamsunder
1995; Forman et al., 1995). However, they do not rule out discussed the possibility of a mechanism in which anesthetics
a bilayer-mediated mechanism that shifts the equilibrium induce changes in thgpontaneous cwature of the mono-
populations of the closed and open protein states. layer leaflets. As they noted, this contribution (and others,

Results of lattice statistical thermodynamic calculations such as the elastic moduli) to the elastic curvature stress of
are presented that strongly support a novel bilayer-mediatedthe bilayer is a function of the lateral pressure profile.
mechanism of action of general anesthetics. This mechanisrHowever, they did not suggestraechanisnby which the
does not suffer from the shortcomings typical of bilayer- coupling (of resulting changes in the stress profile to altered
mediated mechanisms proposed previously, as discussedrotein function) might occur.
above. Rather, it provides a trulgechanistiandthermo-
dynamicunderstanding of general anesthesia that correlatesTHERMODYNAMIC ANALYSIS

well with anesthetic potency at clinical anesthetic concentra- g, simplicity, the protein (with or without bound agonists)
tions, including the alkanol cutoff and perfluorocarbon s assumed to exist in only two conformational states, cl
anomalies, and is largely consistent with observed structural(dosed) and op (open). In each state, the protein cross-

effects such as membrane order parameter and thicknesggctional area may vary with depth within the membrane.
changes. Let Au(2 and A.(2) represent these area functiors,

indicating the position along the axis perpendicular to the

THE LATERAL PRESSURE PROFILE bilayer plane. The conformational shift from cl to op is

Fluid interfacial regions, such as found in self-assembled @ccompanied by a depth-dependent change in the cross-
monolayers and bilayers, are of molecular thickness. The S€ctional areaAA(z) = Aql2) — Ad(2). Definingon(z) as
concentration of the large interfacial free energy over this the depth-dependent lateral pressure acting over a thin slice
microscopically narrow region leads to enormous local of the bilayer of thicknesaz, thenp(2) = o(z)/0zrepresents
transverse stresses (lateral pressures) corresponding to bull1€ lateral pressure density at depthThe interfacial tension
pressures of many hundreds of atmospheres (Gaines, 1966)€sulting from contact between water and hydrocarbon
The local lateral pressure depends strongly on location within SEgMents leads to a large negative pressure at the interface,
the interfacial region, i.e., the lateral pressure profile is While the strong entropically driven repulsions among the
nonuniform (Ben-Shaul, 1995; Safran, 1994). As described c_haln tails result_ in large positive _Iateral pressures in the
below, the incorporation of anesthetics in bilayers is calcu- Pilayer near the interface, decreasing toward the middle of
lated to perturb the lateral pressure profile in a highly the bilayer (Ben—ShauI, 1995). Since the fllu|d membrane is
nonuniform manner. Although the perturbation of the local Self-assembledunlike spread monolayer fims), thetal
pressures at clinical anesthetic concentrations is typically lateral pressure in the membrane is zero (or nearly so); i.e.,
relatively small, it is large in absolute magnitude since the % = /07(2) = /p(z) 6z~ 0. In other words, the bilayer

pressures themselves are enormous. In partidalamter- will expand or contract laterally in order to minimize the
facially active solutegi.e., at least part of which is attracted Membrane free energy. o
to the agueous interface) except lorglkanols, a large stress ~ How does the fraction of protein in the open state depend

increase is predicted to occur near the aqueous interface, witPn variations in the pressure profile? Defipg(z) as the
a compensating decrease near the middle of the bilayer. Pressure profile in the absence of anesthetic ancapjthe
By what mechanism might these changes in the lateral corresponding equilibrium concentrations of the protein in

pressures induce anesthesia? It is possible that general ach.of the two confqrmatlonal states 4 cl or op). i
anesthesia involves inhibition of the agonist-induced opening ddition of an anesth'et]c alters th‘?. Iaj[eral pressure proﬂle
of the ion channel in a postsynaptic receptor (Franks & Lieb, by an amounf\p(2), S.h'ft'ng the qulllbrlum concentrations
1994; Miller, 1985; Forman & Miller, 1989). In general, of each of th_e protein conform_atlons f“’mo[“b [r]. To :
the opening of the channel is expected to be accompanieop(md approximation, the.chem|cal potential of the protein
by anonuniformchange in the cross-sectional area occupied In state r can then be written as (Cantor, 1997)

by the protein in the membrane. If, for example, the protein

were to expand most near an aqueous interface and expand u,=u*+RTIn[r] + NAVfAr(z) Ap(2 oz (1)
less (or shrink) near the middle of the bilayer, then the protein

would experience a significantly increased local pressure whereNa, is Avogadro’s numbepy,* represents the standard
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chemical potential of the protein in conformation r, i.e., at be explored. The major disadvantage of this approach is
unit activity and pressure profiley(2), andA(2) is assumed  that a monolayer isiot half a bilayer; the mixing of chain

to be unaffected byAp(2). In the absence of anesthetic, the tails from opposing sides of a bilayer is quite different from
chemical potential is thug° = w* + RT In [r]lo. At the mixing of chain tails with monomeric solvent in a
equilibrium, the chemical potentials of the two protein states monolayer. So, in a second set of calculations the theory
must be equal, both with anesthetic present= uop) and was modified to model bilayers, requiring considerable
without (ua® = uep’). Subtracting the second equality from  simplification as described below. Here the anesthetic, like
the first,u* is eliminated, and the fraction of protein in the the lipid, was presumed to be strongly amphiphilic, i.e.,
open configuration is easily shown to Be= (1 + yoe*) 1, comprised of a flexible hydrophobic chain bonded to a
wherey, = [cl]o/[op]o, anda = (kgT) ™t fAA(Z) Ap(2) dzis compact hydrophilic head-group constrained to remain in
proportional to the concentration of anesthetic in the contact with the aqueous interface. The effect of varying
membrane. Presumably, in the absence of agonistel] its chain length was explored, to investigate the cutoff in
[oplo, SOF < 1 for all anesthetic concentrations. However, potency forn-alkanol anesthetics.

after the agonist binds, [elk [op]o, SOF ~ 1 in the absence (1) Monolayers. In the lattice approach (Cantor, 1996),
of anestheticd = 0) but drops precipitously oneeexceeds  the monolayer is divided into thin layers of finite thickness,
—=In(yo). If Fmax= (1 + yo)~tis the value oF in the absence labeledi = 1, 2, ..., by proximity to the aqueous interface,

of anesthetic, then each layer characterized by a lateral pressure Upon
addition of anesthetic, the change in pressure in layer
f=FIF, =1+ y)/(1+ Yy 2) given byA(dzm), so in this discretized moded, = (ksT) 13

[AA A(6m)]. In afirst step, existing theory for monolayers
was easily modified to consider a fixed total concentration
of anesthetic, in which the anesthetic solute, like the
hydrophobic solvent, occupies a single cubic lattice site. The
effect of varying the interfacial activity of the anesthetic (i.e.,
its attraction for the aqueous interface) on the pressure profile
was examined for this special case. Zero mixing energy
between anesthetic and lipid segments or oil was assumed,
except at the interface where an energetic preference for the
anesthetic was incorporated. As in previous work, the

: . interfacial tensiony ~ 50 dyn cnt?) is assumed constant
As mentioned above, the theory of Trudell (Trudell, 1977, and localized at the interface. The concentration of anesthetic

‘t]r?;r(rjr?;f nl\;m(iacr’h 19;3;?5:3?2?a?wreos\{lr?:si?agfocnhaﬂlcerlclasir::es\'vithin each layer of sites was allowed to vary, subject to a
y yp - Itp redetermined constraint on the total solute concentration

g?z)ﬂsegﬂ(;?igf;ﬁ ?ﬂgt“?huéd;c%?iiwngf pahr?;etitler:i::h?niﬁze%ce ithin the monolayer. Minimization of the free energy with
respect to the chain probability distribution and the lateral

gsl S(tg[eed aéﬁﬂzloﬁi/evl\i"tzi;gegg Imznorlm?a)ézrhfz!?gelsrease rea per lipid, subject to the constraint on the total anesthetic
pp P 9 Y P oncentration, resulted in expressions for the lipid chain

lateral compressibility compared to the two-phase System’segment and bond distributions, the anesthetic concentration

thus preventing the protein fr_om opening.. Howevgr, the profile, surface area per lipid, monolayer thickness, and the
analogy is inappropriate fqr bilayer dispersions, which are lateral pressure profilész. Results were obtained for a range
Isetlf-alssembled..e.,trt]heyl;_lexst at ?ero Eor nearl;:jzero) tottal tof values ofnjgig, the lipid chain length, anBpeng the internal
atera’ pressure. the bliayer 1S ree 1o expand or contract . ;, bending energy (a measure of chain internal stiffness).

:fa:ﬁéag;’ tgnggnr:ngéztﬁgh?(jtgﬁ \?vr;?éggﬁifcﬁsm%fﬁggsgg dzz?ve, In each case, calculations were first performed without added
P b b anesthetic and then for a mixture of 98 mol % double-chained

of 2), anesthetic-induced melting of the putative gel phase lipid and 2 mol % solute (corresponding 30 MM

:/ivborzﬂﬁqhave no effect on the protein conformational equi- anesthgtic, a typical clinical bilayer concentration), yielding
' predictions of changes in the lateral pressure profi(@;z;),
CALCULATIONS AND RESULTS examples of Whi_ch are _presen.ted in Figur_e 1 _
For a strongly interfacially active anesthetic, i.e., with large
Well-tested lattice statistical thermodynamic methods were energetic preference to reside in the layer adjacent to the
used to predict the effect of anesthetics on the lateral pressureaqueous interface, the anesthetic increases the competition
profile. First, existing lattice methodology was employed for sites among the lipid chains in that layer. As a result,
(Cantor, 1993, 1996) that was developed to describe lipid the lateral pressure in the first layer increases significantly,
monolayersn selective (good) solvents, i.e., at the oil/water with compensating decrease in pressure spread over the
interface. The advantage of this approach is that it providesremaining layers. However, in the other extreme of no
an accurate description of chain conformational contributions attraction of the anesthetic for the interface, i.e., for a solute
to the entropy, including bond orientational correlations, equivalentin hydrophobicity to the methylene groups which
using a simple cubic lattice model for the chains. The comprise most of the bilayer, the change in pressure profile
molecular interfacial area can be varied continuously, so that of the monolayer is predicted to vary gradually with distance
free energy minimization is easily constrained to zero total from the aqueous interface, the details depending on chain
lateral pressure, appropriate to self-assembled systemslength and internal stiffness. If (as hypothesized) the
Using this approach, the effect of varying the strength of anesthetic mechanism requires the lateral pressure on the ion
attraction of small anesthetics to the aqueous interface couldchannel protein to increase selectively near the aqueous

represents the fractional inhibition, i.e., the concentration of
the open conformation with anesthetic present relative to that
in its absence. Note that if the shift in the protein cross-
sectional area werandependenof bilayer depth, i.e., if
AA were independent of, then the equilibrium would

be unaffected by anesthetic, since for that case=
(keT)*AASAP(2) 6z = 0. In general, however, the lateral
expansion or contraction of the protein varies wiftso o

= 0.
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Ficure 1: Predicted changes in the lateral pressure profiler) L
for a lipid monolayer ipia = 12, Epena™~ 1.2gT) upon addition of 0.003[
2 mol % anesthetic, assumed to occupy a single lattice site. Layer [
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-2r Jd.o00 % alkanol (corresponding t&30 mM, a typical clinical anesthetic
L 1 concentration) as a function @fxano, the alkanol chain length.
A Lol Results are presented fofiq = 16 andEyeng ~ 1.6kgT over the
1 2 3 4 5 6 7 8 9 10 range 1< Nykano < 18. (@) Lateral pressure. The left ordinate gives
layer index (i) the change in lateral pressutos); the right ordinate gives the

. - . corresponding change in lateral pressure densfy Values are
Ficure 2. Predicted lateral pressure proflle in a bilayerrigry = plotted for representative layerstli = 1; (O) i = 2; (x) i = 4
16 andEgend~ 1.6kgT. The first layer is adjacent to the aqueous ()i = 7: and ) i = 10. (b) Changes in the order parameter of
interface; the tenth layer is near the bilayer center. The left ordinate tq |ipid backboneA . Values are plotted for representative bond
gives the lateral pressurkr; in each layeri(; the right ordinate  hositionsj, numbered by distance along the chain from the head
gives the lateral pressure densgy= omi/d0z group: @) j=1:(©)j=5;(x)j=8; (a)]=11;and ©) ] =

14,

interface (with compensating decreased pressure in the

interior), then anomalously low anesthetic potency is pre- this perspective. If Ckl(but not CH) groups have some
dicted for solute molecules which at@o hydrophobic, i.e., interfacial activity in a bilayer in contact with water, short
with little or no preference for the surface of the predomi- alkanes (with a sufficiently high CJACH, ratio by volume)
nantly methylenic environment of the bilayer interior. This might be expected to have anesthetic potency, but not the
requirement of at least some affinity for the aqueous interface longer alkanes, as observed experimentally. Consistently,
is then consistent with the anomalously low potency of some the anesthetic cyclopropane, while nonpolar, is calculated
nonpolar molecules, as has previously been suggestedo be interfacially active (M. Wilson, private communication).
(Pohorille & Wilson, 1996; Yoshino et al., 1994). For (2) Bilayers. To extend the theoretical description of chain
example, calculations of excess chemical potentials of statistics to bilayers, it was necessary to simplify the analysis
perfluorinated alkanes (Pohorille et al., 1996; Pohorille & considerably. The bilayer was treated as two “compact”
Wilson, 1996) indicate that they are sufficiently hydrophobic monolayers, a reasonable approximation given the limited
not to be attracted to the aqueous interface, and it is thusinterdigitation in membranes (Slater & Huang, 1992). The
not surprising that only CHs (mildly) anesthetic. Although  free energy was minimized subject to a set of constraint
the anesthetic Xe is nonpolar, it is more polarizable by equations with associated Lagrange multipliers to ensure
interfacial water than the CHgroups it would replace at  constant density, i.e., complete filling of the lattice sites in
the interface and is thus interfacially active, while Ne, He, each layer. A simplified version of the packing entropy that
and H are not, consistent with their anomalously low ignores bond correlations was used, from which a pressure
anesthetic potency. Alkanes can also be considered fromprofile with a simply identified layer dependence was easily
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obtained, similar in many respects to techniques (Ben-Shaul, Correlations between potency and the magnitude of the
1995; Marqusee & Dill, 1986) used to investigate a wide decrease in the lipid order parameter in the membrane interior
range of amphiphilic aggregates. have been found for alkanols of varying length (Miller et

For the bilayer calculations, the anesthetic (like the lipid) @l- 1987). Predicted changes in the order parameter profile
was modeled as a flexible-chain amphiphile, i.e., with one A3 as a function of bond positiopare graphed in Figure
end constrained to reside in the layer adjacent to the aqueousP- Measurements (Miller et al., 1989; Raines et al., 1993)
interface. This is appropriate fan-alkanols, which are  have often used a probe labeled at the 12th carbon of stearic
strongly interfacially active both in films spread at the oil/ &cid, roughly equivalent to the 10th or 11th bond in these
water interface (Motomura, 1980) and in self-assembled _calcula.tlons. At this position a decrease in order parameter
aggregates (Auvray, 1994). This approach was used toS predicted, with maximal effgct for alkanols of (roughly)
perform calculations fony,e < 18, for a wide range of ~ 8—10 segments, the effect going to zerMatano = Nipia =
anesthetic chain lengths. The chain stiffness energy wasl® and becoming positive famaiano > 16. While these
varied fromEpena= O (flexible) toEpena 2ksT (quite stiff):; predlcnon_s are qualitatively consistent with the observed
similar qualitative trends in the results were found over most ends (Miller etal., 1987, 1989; Firestone et al., 1994), they
of this range. In general, addition of anesthetic is predicted &€ Smaller by nearly a factor of 10. Smaller decreases in
to increase the molecular interfacial area slightly more than Ofder parameter have been observed (Firestone et al., 1994)
the membrane volume, i.e., slightly decreasing the membrane!Sing @ probe labeled at the fifth carbon, in complete
thickness, in agreement with experiment (Janoff & Miller, disagreement with the largacreasepredicted here. The
1982; Franks & Lieb, 1982) as is the predicted lipid €ason for _thls discrepancy is not clea_r. It may re_sult fr_om
molecular area 0f-63 A2 In Figures 2 and 3, results are the Ia.ck.of mtermolecu_lar bond corr_elatlons in the simplified
presented foniq = 16, corresponding to the length of the ~description of the chain conformational entropy.
acyl chains in typical membrane lipids. The effect of adding choleste_rol to the b|_Iayer can be
estimated. At the level of approximation of this mean-field
theory (without bond correlations), if cholesterol is modeled
as a rigid rod, then it has no influence p4{2), the pressure
profile in the absence of anesthetic. However, sinp€z)

ven bvdz — A th ical di | he di depends on the ratio of anesthetic to flexible lipid, addition
given byoz=1.27 A, the vertical distance along the director - ¢ op,qjeterol will increase the effect of a given membrane

of an all-trans alkane. The pressure is highest nearest the,,,centration of anesthetic by a multiplicative factor<1

aqueous interface where the chains are the most conforma—xchol)_l_ Thus, cholesterol magnifies the anesthetic effect in

tio_naIIy.constrained. .The curve resembl_es the_predipted that it lowers the required membrane concentration of
orientational order profile (not shown), consistent with typical gnegthetic. (However, since the partition coefficient between
expenmt_—zntal results except for the low val_ues near the middle .o mbrane and aqueous phases decreases significantly with
of the bilayer (layers 9 and 10), an artifact of the forced _qyqeq cholesterol, the net effect may bedecreasein

separation of the two monolayers in the theory. anesthetic potency, at fixed anesthetic chemical potential.)
In Figure 3a are plotted the predicted changes in the lateral The effect of cholesterol on order parameter profiles is more
pressures in representative layers as a functioni@fo, the subtle. In recent work (Cantor, 1996), it was demonstrated
length of the (-alkanol) anesthetic. Only close to the that inclusion of bond correlations is critical to understand
aqueous interface does the lateral pressure increase over the packing entropy of chain molecules of different stiffness,
wide range ohakanot  Changes in the pressure densities near leading to predictions of cholesterdipid phase separations.
the aqueous interface are well in excess of 1 atm, even atAn understanding of the effect of anesthetics on order
this clinically relevant anesthetic concentration. Tiitensic parameters will likely require a more sophisticated descrip-
alkanol potency (inversely proportional tnembranecon- tion of chain conformational statistics.
centration necessary for channel inhibition) is thus predicted  Are the predicted pressure changes at clinical anesthetic
to pass through maximumat intermediat@akanos dropping concentrations large enough to keep the ion channel closed?
to zero afawanol @approachesipiq. [For equal chain length,  For the acetylcholine receptor with bound neurotransmitter,
lipid and alkanol become identical at this level of ap- perhaps 85% of the protein is in the open state in the absence
proximation, so zero anesthetic effect is predicted, as hasof anesthetic (Matsubara et al., 1992), iys.= [cl]o/[0p]o
already been suggested (Miller et al., 1987, 1989).] The ~ 0.2. Using this value in eq 2, the fractional inhibition is
cutoff of potency with increasinGakano is clearly predicted.  f = 0.5 ato. = 2,f = 0.1 ata = 4, andf = 0.0003 ato. =
For nakanol > Nipia, & Negatve pressure change is predicted 10. Using an order-of-magnitude estimate/o&(z) of the
near the interface; i.e., such alkanols would tendeterse protein,o. can be predicted. [Note th&A(z) refers to the
anesthesia. These predictions (e.qg., location of the maximumentire protein, not just the ion channel. In general, the depth
of the curve) should certainly not be taken as quantitatively dependence of the area change of the ion channel will not
precise. However, the general trends and the prediction ofbe related in any simple way t&\A(z).] At clinical
the alkanol cutoff are significant. That local lateral pressures concentrations of an anesthetic such as a medium-length
are enormous means that pressthiangesare still large in alcohol, the total pressure increase is predicted to be of order
magnitude (althoughelatively small), serving tamplifythe 0.3 erg cm? (summing over the layers adjacent to the two
effect of solubilization of anesthetic. Arguments that the aqueous interfaces and considering the effect of added
effects on the bilayer of anesthetics at clinical concentration cholesterol) with compensating negative values distributed
are small (Franks & Lieb, 1982, 1987, 1994) may be valid over the bilayer interior. A typical protein radius in the
for structural properties and even some thermodynamic closed state might be 35 A, as for the nicotinic acetylcholine
properties, but not for the lateral pressure profile. receptor (Unwin, 1993) near the aqueous interface (but

The predicted lateral pressure profile is presented in Figure
2. The left ordinate gives the lateral pressdrg in each
layer i; the right ordinate gives the corresponding lateral
pressure density, = dmi/dz, where the layer thickness is
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smaller in the membrane interior). Little is known about Ben-Shaul, A. (1995) irStructure and Dynamics of Membranes
AA(2); by arbitrarily supposing a change in radius that is  (Lipowsky, R., & Sackmann, E., Eds.) pp 35801, Elsevier,

15% greater near the aqueous interfaces than at the Centeéaﬁrt‘;fteéd%m'(lggg Chenm. Phys. 997124-7149

of the bilayer (e.g., increasing to 40 A near the aqueous Cantor, R. S. (1996). Chem. Phys. 108082-8095.
interfaces but unchanged in the center)s estimated to be  cantor, R. S. (1997). Phys. Chem(in press).

of order 1. Considering the approximations and simplifica- Firestone, L. L., Alifimoff, J. K., & Miller, K. W. (1994)Mol.
tions of the lattice model from which th&s; are predicted, Pharmacol. 46508-515. .
the experimental uncertainty i, and particularly the lack ~ Forman, S. A, & Miller, K. W. (1989)Trends Pharmacol. Sci.

. . : - 10, 447-452.
of information aboutAA(z) for ion-channel proteins, the Forman, S. A., Miller, K. W., & Yellen, G. (1995)1ol. Pharmacol.

agreement is encouraging. 48, 574-581.
Franks, N. P., & Lieb, W. R. (1982)lature 300 487—493.
DISCUSSION Franks, N. P., & Lieb, W. R. (1984)lature 310 599-601.

E b heti . fonl f Franks, N. P., & Lieb, W. R. (19859)lature 316 349-351.
ven at membrane anesthetic concentrations o only a eWFrankS, N. P., & Lieb, W. R. (1987Trends Pharmacol. Sci.,8

mole percent, it seems possible that resulting changes in the 169-174.

lateral pressure profile can alter conformational equilibria Franks, N. P., & Lieb, W. R. (1994)ature 367 607—614.
sufficiently in ion channel proteins to induce general Gaf?c?é ﬁ;[el;é((:_lsni%nsl\loéubl\?oﬁ/ll(ondayers at LiquidGas Inter-
anesthesia. This sensitivity derives in part from the con- 1ence, INew : _
centration of very large transverse stresses within a narrowGrgggrégs_'\gé’f Shyamsunder, E. (1994n. N.Y. Acad. Sci.
interfacial region. Also, whereas the chemical potential of janoff, A. S.. & Miller, K. W. (1982) inBiological Membranes
each protein conformation depends approximaltegarith- (Chapman, D., Ed.) Vol. 4, pp 4476, Academic Press,
mically on its own concentration, it depenidgearly (through London. _ o

Ap) on the concentration of the anesthetic, as evident from Koblin, D. D. (1994) inAnesthesigMiller, R. D., Ed.) pp 67-99,
eql. Thus, a vari_atiqn in anesth_etic concentra_tion requiresM;gﬂgcergfl'\]l"'\gr_],g;t(gilYNE_WAY(();IQSG)J_ Chem. Phys. 85434
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