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The Hodgkin-Huxley model of nerve pulse propagation retinsion currents through specific resistors called ion chisnne
We discuss a number of classical thermodynamic findings oresehat are not contained in this classical theory. Rasity
striking is the finding of reversible heat changes, thickraasl phase changes of the membrane during the action pbt®dta
on various nerves rather suggest that a reversible dengdigg pccompanies the action potential of nerves. Here, i@mpted
to explain these phenomena by propagating solitons thardepn the presence of cooperative phase transitions inettve n
membrane. These transitions are, however, strongly infeeby the presence of anesthetics. Therefore, the themaadyg
theory of nerve pulses suggests a explanation for the fafuleyer-Overton rule that states that the critical anesthditise is
linearly related to the solubility of the drug in the membean

1 Introduction the potassium channel and suggested a pathway for the potas-
sium through a pore within the proteld [8]. Thus, the Hodgkin
The description of electrical phenomena in nerves is amio&g Huxley model seemingly finds support in independent experi-
first biological problems studied in physics. Galvani [1} nanents. The model by Hodgkin and Huxley is a purely electrical
ticed that the legs of dissected frogs made active movemefdscription based on conductors (ion channels and theatytos
when their nerves were connected to a battery. He called &ishe nerve axon) and on a capacitor, which is the lipid mem-
phenomenon “animal electricity”. After learning aboutgbe prane. It does not contain any thermodynamical variable ex-
experiments, Voltal]2] stated that nerve pulses are et@ttricept the membrane potential. Entropy, temperature, pressu
conduction phenomena. HelmholiZ [3] performed the firstmeghd volume do not play a role. There is, however, strong evi-
surements of the propagation velocity of nerves and foundénce that phenomena during the action potential are nelypur
value of about 30 m/s in the nerves from frog muscle. In tlgectrical. It has been observed by a number of investigator
second half of the 19th century Ostwald [4] and others devgiat the dimensions of the nerve change in phase with voltage
oped the theory of osmosis and electrochemistry, and attenghanges and that the nerve exerts a force normal to the mem-
were made to relate the flux of ions through the nerve meptane surface ]9, 10, LI 12;113]. Further, during the action
branes to the propagating action potenfial [5]. This finadly potential lipid membrane markers change their fluorescence
sulted in the model by Hodgkin and Huxleld [6] from 195%nsity and their anisotropfZ [LA.J15]. Most striking, howev
that is the presently accepted model for the nerve pulses Tigithe finding that there are reversible changes in temperatu
model relies on ionic currents through ion-selective osj@on  and heat during the action potential[6] 7, (18,19, 20]. &vhi
channel proteins) and the membrane capacitor. In the cgie Hodgkin-Huxley model]6] contains resistors that sboul
text of their model, the conductance of these objects displgenerate heat during the flow of ions, the reversible release
rather complex voltage and time dependences that enter gh@ re-absorption of heat does not find a satisfactory eaplan
differential equation via a set of empirical parameterso$éh tion within this model[21L]. Recently, Heimburg and Jackson
parameters are taken from experiment but do not yet havgga [23] proposed that the action potential is rather a pyapa
satisfying theoretical justification. Even though Hodgkimd ing density pulse (soliton), and therefore an electromeiciaa
Huxley [€] did not originally specify the ion-conducting obrather than a purely electrical phenomenon. This corredpon
jects, it was clear from the line of argument that these dbjeg a localized piezoelectric sound pulse within the nervenme
were expected to be specific proteins called ion-channels.ptane. Such a model is able to explain most of the thermody-
1976, Neher and Sakmann using the patch clamp techniquerignical findings on nerves and results in the correct propaga
scribed such channels microscopically [7]. Nowadays, magiyh velocity of about 100 m/s for a myelinated nerve. Insere
investigators all over the world investigate the propertigion ingly, Hodgkin and Huxley themselves proposed the possibil
channels. In 1998, MacKinnon and collaborators crys&dlizity that the nerve pulse is a propagating mechanical wave [24
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Figure 1:Left: Action potential adapted from the original paper ofdtgkin and Huxleyl[B]. Right
top: Electrical currents in the Hodgkin-Huxley model thgiuion channels. Right bottom: Equiva-
lent circuit picture replacing ion channels by resistorsdahe membrane as a capacitor.

Anesthesia is a phenomenon that seems to be closely retatqadture that is schematically shown in Fig. 1. Describing io
the action of nerves. Since the standard model of nerveractihannels by resistors and the membrane as a capacitor, ene ob
is based on the action of ion channels, most research has liairs

dedicated to investigating the influence of anestheticsuch s dU

proteins. However, an old finding by Meyér]25] and Overtoh,, = C,,— + gk (U — Ex )+ gna(U — Exa) +9.(U — Ep)

[28,[27] states that the action of anesthetics is linealbtee dt (1)

to their solubility in membranes. This includes the nobls g@here 1, is the current through the membrane, afig is
Xenon. Although some ion channels are influenced by sof@ capacitance of the membrane (typically on the order of
anesthetics, there is no quantitative correlation withwied- 1mF/em?). The Ex, En, andEy, are resting potentials that
documented Meyer-Overton rule]28]. depend on ion concentrations. Thg andgy, are the con-

In this paper we briefly discuss some of the historical findyctances of K-channels and Na-channels @andescribes the
ings on nerves, including the Hodgkin-Huxley model and-thggakage currents. The conductances are not constantsHert ra
modynamic data on nerves. Itis shown that the Hodgkin-l-w%mpncated functions of time and voltagg; = g« (V, ¢) and
theory does not describe the thermodynamics of the nersepyl,  — gna(V, t), that have been empirically fitted by Hodgkin
correctly. Instead, the propagation of a density pulse @vsh and Huxley [6] using many ad hoc parameters. Therefore, the
to explain in a quantitative manner many features of theaeggemingly simple eqi(1) is in fact very complicated, andhe|
pulse, including density, fluorescence anisotropy anddtesatgegysteries of the observed phenomena are hidden in the func-
Finally, we show that such a description leads to a satisfCttjonal dependences of the conductances on time and voltage.

quantitative explanation of general anesthesia. The trans-membrane current in eq. (1) is given as the sum of a
capacitive currentand an Ohmic current. The capacitivieectir
: is given b
2 TheHodgkin-Huxley model 'S givenby
d dU dC,
In the Hodgkin-Huxley model[]6] the propagation of a volt- lo = dat (Crm - U) = Cm% +U dt ()

age pulse is the consequence of ion currents through the mem- . , Lo
brane and along the nerve axon. The electrochemical paterfii closer look at the right hand side of edl] (1) indicates that
(Nernst potential) across the nerve membrane balancesrihd i€ capacitive current used by Hodgkin and Huxley consists
concentration differences on both sides of the nerve axba. PN 0f theC, - dU/dt term and that the capacitanCg, was
transient opening of voltage-dependent ion channels feads 3SSUMed to be constant. Therefore the dC, /dt term has
related transient voltage change that can propagate. Mt o P8€n neéglected. This is probably not correct since we wahsh
data on which the Hodgkin-Huxley model is based originalféthe next sectlo.n that Fhe thickness of nerves changeegjqu
from voltage-clamp experiments on giant squid axons whéehe pulse. N_ote in particular that the funct!on de/d_t e
the trans-membrane voltage is kept constant along the wHBfg Same units as the conductanages,For this reason it may
length of the axon. not always be trivial to distinguish currents through ress
The relation for the ion current through the membrane (@#2d capacitive currents in an experiment during a propagati

der voltage clamp conditions is based on an equivalentitird'Se [29[3D]. To arrive at a wave equation for the nerve axon
Hodgkin and Huxley assumed that the total current is the sum
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Figure 2: Equivalent circuit picture of a propagating voltage pulseurrents flow along the nerve
axon and across the axonal membrane through resistors amddiproduce net heat dissipation.

of the trans-membrane current and the current along the. axoal potentials of molecules dissolved in the membrane. (e.g
A further ad-hoc assumption is that a propagating solutien @nesthetics). However, there are many reports in the titera
ists that fulfills a wave equation. Hodgkin and Huxley6 adv indicating that, in addition to the electrical response efves,

at the following differential equation for the propagatimgrve other variables also change, for example the thicknes®rthe
pulse: thalpy and heat content of the nerve. In the following weftyrie

. . discuss some of these data.
a

ﬁwzcm% +gK(U_EK)+gNa(U_ENa) (3) .
' 3.1 Thickness and forces

whereaq is the radius of the axon an8; is the resistance of . . .
the cytosol within the nerve. This equation introduces a deTasakiand collaborators have published several stadi¢ise
chanical and thermodynamic properties of various nerves

pendence of the pulse propagation on the nerve radius. . .
elements of the propagating pulse are summarized in Fig. [ [IP[IH, 14,19, P0.1B1]. For all nerves investigate

that shows the equivalent circuits as an in-line arrangemfenthey foupddtktl)at tEe aCt'on pt?]tegyal (|.e_. the vfcllrt]age p)"lS(TC_F. 3
many local equivalent circuits as shown in Fig. 1. Due to t gmpanied by changes in thé dimensions otthe nerve. in Fig.

voltage and time dependence of the conductances illeq.i£3) ?Iht) itis s?ownl E[ha;thther:/ oltage fp_ltjlsti_(){(a squid ?BO?HB ex
differential equation can only be solved numerically. Hkidg actly proportional to the change of its thickneSs[[9, 10]tHe

and Huxley found a convincing agreement between the Calgégmple this thickness c_hang(_e is about 1 nm. Further, the sam
thors showed that during this pulse a considerable fatse a

lated and the observed pulse shape for the squid axon that ST . .
: on a piston that was brought into contact with the nerve serfa
contains K- and Na-currents. . . .
(Fig.3, left). The force on that piston (0.01 éroross section)

One immediate implication of the Hodgkin-Huxley modél'@s shown to be about 2 nN at the voltage peak maximum.

is that ion currents through the nerves should produce heat. ]
Electrical currents through resistors generate heatpiegent 3.2 Fluorescence changes, optical changes and
of the direction of the ion flux. The heat productionin suchan  alterationsin lipid state

experiment therefore should always be positive if the Haalgk ) ) ]
Huxley model is taken seriously and the analogy of ion cugref?Uring the action potential not only thickness and pressure

through protein pores and Ohmic currents is assumed to be 8d?iSton change but also the state of the membrane as measured
rect. The heat dissipation should be related to the power dPathe fluorescence changes of lipid dyes. Tasaki and cowork-
circuit through the resistor, i.@Q/dt = P = U-1 = g~ 112 > €IS [T4[75] found that in various nerves under the influerice o

0 for each of the conducting objects in all phases of the actiblf action potential the fluorescence intensity changeoisqr
onal to the voltage pulse (see Figure 4).

potential. In the next section we will show that this is not ity )
agreement with the experiment. In the same paper they showed that the fluorescence ani-
sotropy of these markers also changes (data not shown). The
fluorescence anisotropy is a measure of the rotational mobil
3 Ther modynamics of nerve pulses ity of the fluorescence markers. A lower anisotropy indisate
faster movement, whereas a high anisotropy indicates slowe
The Hodgkin-Huxley mode[]6] is a purely electrical theolty. movement. Since the fluorescence anisotropy changed dur-
is based on equivalent circuits and makes use of capacijtaimgthe voltage pulse, Tasaki and collaboratbrs [14] cantedi
resistors and ionic currents. It is not a thermodynamictpheahat the viscosity of the membrane changes during the nerve
It does not explicitly contain temperature and heat or affer- pulse. Note that they published this paper prior to the fluid
modynamic variables such as pressure, volume and the chemsaic model by Singer and Nicholsdnl[32] from 1972 that
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Figure 3:Mechanical changes during the action potential. Left: leoom a piston during the action
potential in a squid axon. The solid line represents theagatchanges, the dotted curve the force.
Right: During the nerve pulse in a squid axon the thickness@herve changes proportional to the
voltage. Data on squid axons adapted from rEF. [9].

FIT FIT LSD

ANS
[ 2
t—d\-\‘\'\\_ ‘ \‘ --~"J

’
»

b "
£ o -
\4b

+—— 15 msec ———25 msec bt 2 MiS @ C b——— 25 msec

Figure 4: Voltage changes (top traces) and fluorescence changeo(dtaces) for 4 different
fluorescence markers and nerve preparations. They are lgxagbhase. 1. Squid giant axon and
8-anilinonaphtalene-1-sulfonate (ANS). 2. Crab leg newith fluorescein isothiocyanate (FIT). 3.
Squid axon with FIT. 4. Crab leg nerve with lysergic acid bdigamide (LSD). From ref.[T14] with
permission. The data were taken as a proof for changes ofiskhesity within the membrane during
the action potential.

established the present view of the biological membrane Th3 Reversible heat changes and their meaning
concept of phase transitions in lipid membranes was nobes o e . .
lished. One should conclude from the fluorescence data that MOSt stnkmg thermodynamlc findings in nerves durireg th
significant changes in the order of the lipid membrane taﬁgtlon.potenual are reversible temperature phanges ame-co
place. The evidence for phase transitions during nervespul pont_jmg changes in the heat released during the nerve pu_lse
has been discussed in more detail by Kinnunen and Virtané?‘ne first to carefully describe the heat changes was A. V. Hill

: . : who published a series of papers in the 1920s and 1930s. Ab-
[23) and Tasaki and coworke{SELI34]. In this context itdto bott et al. [16] showed that the heat release during the first

be noted that also changes in light scattering and turbatity . L

company the action potential that clearly cannot be releged” hase of the apuon potential is nearly exactl){ compensi_ayed .

membrane voltage5T1Z.135]. a heat uptake in the second phase of the action potentiad. Th|
effect was found in non-myelinated116.117.] 18] 19] and in

myelinated [16["20] nerves. Interestingly, Hill and cobiah-

tors found that the reversible heat release in myelinatedese



originates from the complete nerve and not only from the sodest by thermal conduction into the environment but is rathe
of Ranvier [16]. They found it most likely that the completeeabsorbed by the nerve in the second phase of the action po-
membranes of the myelinated nerves contribute to the heatteatial.
lease and that one should therefore consider an active fole o The reversible heat release is a remarkable and very mean-
the myelin sheet to the nervous impulse. Saltatory conductingful finding. It suggests that the physical processes tuypde
that is the textbook picture for pulse propagation in myagka ing the nerve impulse are reversible processes. The Hodgkin
nerves, in contrast, attributes a special role to the notleaile- Huxley model, however, is based on irreversible processes,
vier. Other authors reproduced the findings on reversibé hparticular on the exchange of potassium and sodium iongalon
release, e.g. Howarth et al[_J17], Ritchie & KeynEsl[18] don gradients. The model does not contain any true reversibl
Tasaki and coworker§ 1B, 120,134]. It has to be acknowledgatcesses. Even if the membrane capacitor was reversiaty ch
that these experiments are difficult and the observed teanpered, this would not result in a reversible heat change unifess
ture changes are small (of order 100mK). flux of the ions was also reversible, which is not the caseiwith
One important result demonstrated in Fig. 5 shows the intee framework of the model. Taking the equivalent circudt-pi
ture seriously, the flux of charges through a resistor should

14x10° rather resultin a heat release independent on the direuftibe
flux of the ions. The flux of potassium and of sodium should
12 - B both dissipate heat. This is obviously not in agreement thith

thermodynamic results obtained from real nerves. The fmqdin
of changes in lipid state and in thickness also does not find a
satisfactory explanation within the Hodgkin-Huxley madel

4 Propagating density pulses

heat [ergs/g]

In the following we show that the thermodynamic findings de-

4 - scribed above find an explanation if one assumes that th@nacti
potential consists of a propagating density pulses. Heighbu
5 L and Jackson]22] showed that one could obtain stable propa-

gating density pulses in cylindrical lipid membranes pded

that the membrane exists in a physical state slightly above a
melting transition. In the following we outline the underlg
basis of this model.

['me] Kisudp £319ud doydeded

0 20 40 60 80 100 120
time [ms]

Figure 5: Reversible heat change during the action po-

tential. Left: The square of the voltage (the energy of 4,1 Meélting transitionsin biological membrane
charging a capacitor) is proportional to the heat of the . ) ) ) N

nerve pulse. The heat, however, is much larger than theMany biologicalmembranes display melting transitiongfstiy
capacitor energy. The heat during the nerve pulse returnsP€low body temperature. In Fig. 6 the melting transitionaf n
to the baseline indicating that the nerve pulse is adiabatic tive E.colimembranes (including all their proteins) are shown.
(does not generate net heat after completion of the action©One finds a pronounced lipid-melting peak slightly belowyod

ref. [18]. teria, by hydrostatic pressure and dHI[36]. Further, onesfind

several protein unfolding peaks slightly above body teraper

ture. It is a remarkable fact in itself that Nature choosé@sdj
grated heat release during the action potential and thersq@ystems to exist so close to the cooperative transitionisenf t
of the voltage changes related to the free energy of the memslecules, including membranes, proteins and DNA. The un-
brane capacitof [18]. These two functions were found to Berlying theme of this paper is that this is of major biol@gic
qualitatively nearly identical. However, the heat revieljsie- relevance.
leased during the action potential was several times lahger The melting transitions of such membranes display a melting
the energy of the capacitor so that it can be excluded that teperature, Tm, a melting enthalpy/7, and a melting en-
reversible heat release is explained by the charging of #tra-mtropy, AS, given by AS = AH/T,,. Further, volume and
brane capacitor. This is the only semi-reversible elemetité area of the membrane change during the melting process. For
Hodgkin-Huxley modelllb]. Further, the heat after the whot&e model lipid DPPC (dipalmitoyl phosphatidylcholineatis
pulse returns to the baseline in phase with voltage changbe.major lipid component of lung surfactant one finds, =
Thus, after the nerve pulse no net heat was dissipated veixhin314.2 K, AH = 35 kJ/mol,AS = 111.4 J/ImolK, AV/V =
perimental error. Control experiments indicate that heaioit
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Figure 6: Left: Schematic picture of the melting process in lipid membs and the associated

change in the specific heat capacity. Right: Melting profflthe membranes of E.coli grown at 37C
(adapted from ref. 22). The growth temperature is indicatedashed line. The peaks below growth
temperature belongs to the melting of lipid membranes, #akp shaded in grey above the growth
temperature are attributed to protein unfolding.

0.04 andAA/A = 0.246. These values give the order of maghe lipid melting transition is proportional to the excessther-

nitude but vary between different lipid species. mal volume and area compressibility:
; : v v %Q/T
4.2 Therelation between heat capacity and com- rr(T) = wro(T)+ —7—Acp
eSS 2
pressbility W) = wio(@)+ A ©
The enthalpy, specific volume and specific area changes in a ’ A
lipid melting transition can be written as The heat capacity can easily be measured in calorimetry. The
functionsxY. , and k% , are the temperature dependent com-
H(T) = Ho(T)+ AH(T) pressibilities of the pure phases that have to be taken fitern |
V(T) = Vo(T)+ AV(T) (4) ature. One can see that both volume and area compressbiliti
AT) = Ao(T)+AAT) assume maxima at the temperature where the heat capacity is

maximum. The adiabatic compressibilities relevant forrsbu
Hy(T) is the temperature-dependent enthalpy of the pure Qgppagation can be determined when the isothermal compress
phase and the functiod H (T') is the excess enthalpy of thebilities are known. They assume the forim|[37]
transition. Similarly,V,(7") and Ay(T") are the temperature-

2
dependent specific volume and area of the gel phAdé(T) kS(T) = Ky (T) — r (d_V)
andAA(T) are the excess volume and area changes associated Vieep \dT' ) p
with the melting transition. It has been found experimdntal A A T dAa\?
that the volume and area changes in the chain melting tiamsit rs(T) = wp(T) = A-cp (ﬁ) - ™
are proportional to the changes in enthalpy [37, 38]. o
where the heat capacipp is that of the membrane plus the
AV(T) = ~y-AH(T) agueous environmentthat transiently absorbs heat froméme-
AA(T) = ~a-AH(T) ) brane upon compression. If the compression is very sigw,

will be very large and therefore in the limit of very slow com-
where the constants, = 7.8-10~10m?2 /N andy4 = 0.89 m/N Pressionsy ~ wy. andkg ~ 7. It has been found exper-
are approximately the same for various artificial lipids &md imentally that the adiabatic compressibility obtained peri-
biological membranes. Using the fluctuation dissipaticeoth odic perturbations with a frequency = 5MHz can be de-
rem it is easy to show that excess heat capacity changeswitRfmined accurately if the heat capacity is assumed be the to

tal heat capacity of the lipid membrane alone. It is obvigusl|



smaller than the isothermal compressibility. Therefores bas o

to conclude that the adiabatic compressibility is in gehfeea DPPC LUV’ 45°C
quency dependent and, thus, dispersion is present. The fre

quency dependence of relaxation phenomena in the lipid melt

ing transition has also been documented in experiménis [39

and justified theoreticall'T40]. It is also obvious from e@@) 0.15
@) that the compressibility is a nonlinear function of them «
brane density[[22]. If the adiabatic compressibility is kmo
one can calculated the sound velocity, e.g. for the latenahd
velocity within the membrane plane

0.20 -
v=0.651"c,

1
n?pA

c= (8) 0.05

The lateral area density of the membrane and the enthalpy ar

related. Therefore the adiabatic compressibility is a fiamoof

the area density of the membrane, and it follows that thedoun ' ' ' ' ' '
o ) . . 0.10 005 000  0.05 0.10

velocity is a nonlinear function of the density that, clogéhe z [m]

lipid melting transition, can be expanded into a power serie

such that Figure 7:Soliton profile for a soliton velocity of v=0.651
A =G+ p(Ap?) + q(Ap™)? + ... (9) c0 calculated for h=2m4/s2. This soliton has a maximum

i o _ amplitude of rA/rOA. Its width is approximately 10 cm.
wherec is the sound velocity in the fluid phase of the mem-

brane. Herep andq are parameters to be determined from the

known dependence of the sound velocity on the density. For

unilamellar DPPC membranes slightly above the transitiven c2nd after the coordinate transformatios z—v-t (introducing
finds experimentally that, = 176.6 m/s (the lateral sound ve-the propagation velocity;) we arrive at the time independent
locity in the fluid phase at low frequencieg)= —16.6 ¢2/p;! form describing the shape of a propagating density exoitati
andq = 79.5c2/(pg)? (for details see ref[122]). Herey' = 52 5 5
4.035-1073 g/m? is the lateral area den;ny |n.the f|L.JId. phase QPWApA = 3 [(6(2) +p(Ap™) + g(Ap™)?) a_ApA]

the membrane slightly above the melting point. Similar ealu ¢~ < <

i . ot
were found for lung surfactant and nati&Zecolimembranes —hﬁApA (12)
z
4.3 Propagating solitons This equation has a localized analytical solutiod [23]:
We now consider the propagation of a density pulse in a cylin- V22
drical membrane along the axis, x. The hydrodynamic eqoatiq P 1 (cgfvf:n )
for the propagation of such a density pulse in the presenc 2= q 202 5
dispersion[[22, 23] is given by 1+ (1 +2 - cosh (%Z\/l - %g))

% 4 0 [,0 4 ot (13)
2= T ar | %AP - h@AP (10) such localized solutions are known as solitary waves of soli

. . tons. Atypical soliton profile is shown in Fig. 7. The minimum
describing the changes of the lateral membrane density afeRcity vmin allowed by eqT13) is found to be
function of time and space. The second term is chosen ad hoc

to mimic the frequency dependence of the sound velocity in 9
a linear way using a parameter h (for details see rgfl [22]). Vmin = ([ €3 — g— . (14)
This parameter is the only one that has not yet been detedmine q

by eXpe”mem' we will see below that the only rolg of th"Iehe minimum velocity for a soliton in DPPC membranes is
parameter h is to set the linear scale of the propagatm@pu# nd to bev,.;, = 115 m/s, which is very close to the ve-

We have shown above that the sound velocity is a funCt'Onl8gity of the action potential found in myelinated nervesieT

4 i .
the area density;”. Introducing eq.[P) into eq[{1.0) we Obtamminimum velocity is the velocity of the soliton when its arapl

”? 4 0 9 A Aoy O o o4 tude reaches the maximum value of
@AP = (cg +p(Ap™) +q(Ap™) )%AP ]
9t aph,, =2 (15)
—h—Ap* (11) q

Oz



corresponding to an overall density changedgf? | /pi' = wheree = 1.602-10~1° C is the elementary charge and c is the
0.21. Solitons with larger density change do not exist. Thmncentration of the monovalent salt. For c=150mM NacCl the
total area change when going through a melting transitionDgbye constant assumes a vadue 1.26-10%m 1. For a fixed
Ap [ pit = 0.246 (for DPPC). Thus, at maximum amplitudenumber of charged lipids the charge densityjs different in

the soliton forces the lipid membrane by about 85% through tthe fluid and in the gel phase of the lipids because the respec-
melting transition. This will cause a transient heat redeam- tive lipid areas differ by about 24%. Therefore, one expects
responding to 85% of the melting enthalpy (which is on tlehanges in the electrostatic potential of the membranenguri
order of 35kJ/mol ore 13 KT per lipid). Simultaneously, thea propagating density pulse. In piezoelectrics, voltagagks
thickness of the membrane will change by 85% of the thicknd density changes are tightly coupled. Such coupling be-
ness change in the transition from fluid to gel (7°Af4r DPPC). tween lateral density and electrostatic potential is atemwkn as
Since the soliton is linked to changes in lipid state the ##ger electromechanical coupling. It is also linked to changesain
cence anisotropy will also change. It is well known that thgacitance. Electromechanical coupling in membranes wats fir
anisotropy (related to the rotational mobility) is higherthe proposed by PetroV 42, %3] and has been discussed by various
gel phase then in the fluid phase. Precisely these changes bathors as relevant in hair cells]44] 45]. Here, the paabofi

all been found in real nerves under the influence of the actidwe lipid membrane is discussed. A biological membrane con-
potential [T4[311] (see sectiohsR.T13.2 3.3). The ptedli tains on average 50 weight percent of protein, which alskycar
order of magnitude of these changes matches the data founafarges. The total potential of the inner and outer leafldtas

such nerves. sum of lipid and protein contributions. The contributiortioé
proteins will lead to an equilibrium resting potential oéttotal
4.4  Electromechanical coupling membrane that is different from that of the pure lipid mem-

brane. However, it is most likely that only the lipids underg
It seems evident that the solitons described above have meamgnges in area during the pulse. The potential of the inner
similarities with real nerve pulses and can describe tlr-t membrane at the lipid surface under the above conditions and
modynamic properties well. However, the action potensial the simplifying and somewhat arbitrary assumptions reiggrd
known to be a propagating voltage pulse with a net voltafyeid distribution is
change of about 100mV. In the following we will argue that

this voltage change is a consequence of the change in areaden V1,0 = —114mV U6 g = 0mV
sity of the membrane in a manner similar to the propagation gfgel — 114mV \118?;81 =0mV  (18)

of a piezoelectric wave. The membranes of biological mem-
branes contain charged lipids. Depending on cell and otlgangesulting in a voltage change ¥, ~ 40mV at the soliton

the fraction of charged lipids is between 10% and 40%. Sopeak. That is of the same order as the voltage changes in the
membranes are especially rich in charged lipids, e.g. indoe action potential (which is about 100mV). This is a very rough
dria. Typically, most of these charged lipids are found am tlestimate since the exact charge of the lipid membrane on both
inner membrane, generating an electrical field. To make ansigles of the membrane is not known and protein charges have
timate of the size of the potential change, we thereforerassinot been considered. However, it seems as if the changes in
that the inner membrane of a nerve contains 40% charged ligite membrane area during the action potential are of the righ
and the outer membrane contains only a very small fractiongstier to account for the observed voltage changes duriragthe
charged lipids (average of both leaflets 20%). We ignore tlien potential. Furthermore, membrane thickness changes d
contributions from proteins that clearly are also preseéXt: ing the action potential, thereby changing the capacitafice
cording to the Gouy-Chapman theory for the potential of srssumption of a constant capacitance, as made by Hodgkin-
faces in electrolytes, the potential of a charged surfacegit Huxley, therefore cannot be correct (cf. egs. 1@End 2). In-sum

ionic strength is given by mary, it seems plausible that mechanical solitons can gémer
voltage changes comparable to those observed during the ac-
Uy = 1 . (16) tion potential. The exact values remain to be determined by
cock experiment.

This is the low potential limit of the Gouy-Chapman theory
[&1]. The dielectric constant in vacuumdg = 8.859 - 1012 :

C?/Jm, and the relative permittivity = 80 for water. Herex 5 Anesthesia
is the Debye constant that depends on the ionic strengtha Far

o one assumes that the soliton model for the nerve pulse is a
monovalent salt it is given by

valid description of the nerve pulse containing its thergrod
namics one immediately arrives at a quantitative explanati
_ 2 e? . (17 for anesthgsid:BG]. Anesth_esia as a tool for painless_ syrge
€oekT by use of diethyl ether was first publicly demonstrated in6.84
by William Morton from the Massachusetts General Hospi-




tal [28]. This method was adopted within short time all ové&r.2 M elting point depression

the world. Many other anesthetics had been studied in the . .
following decades, including both gaseous (e.g. nitrous (h(ls known that anesthetics have a pronounced effect od lipi

ide = laughing gas) and liquid anesthetics (e.g. the allan elting transitions. Typically, with addition of anestiestto

from ethanol to decanal). A large variety of chemically dié- e bilayers, transitions shift to lower temperatures inna |

tinct molecules also cause anesthesia, e.g. barbitunated® ear relation with the anesthetic concentration. He'mb“!'@ a
genated alkanes. Jackson[[36] have shown that this effect can be described by

accurately by the well-known phenomenon of freezing point
depression. If one assumes that anesthetics moleculesaale r
5.1 TheMeyer-Overtonrule ily soluble in fluid lipid membranes and insoluble in the gel

About 50 years after Morton, Meyef [25] and Overtbnl [28, 2 embra_ne, one arrives at following law for the freezing poin
independently found that the critical anesthetic dose ekan epression 5
thetics is linearly proportional to their solubility in @é oil. AT, = _RT,,
The critical anesthetic dose (@ Ds) is defined as the bulk AH
concentration of anesthetic in the air (in this case eqeh;talWhereiUA is the molar fraction of anesthetics in the fluid lipid
to partial pressure) or in water at which 50% of the organisfgmbrane’,, is the melting point of the lipid membrane and
studied are motionless. Overton suggested that this findisg H is the melting enthalpy. The derivation of this equation ca
related to the solubility of the molecules in the cell menmaraPe found in any physical chemistry textbook. The membrane
whose structure was not known at the time. The Meyer-Overfgiicentration of anesthetics at the critical dose, is related
rule covers a large range of anesthetics with membranéipartito the partition coefficient via
coefficients ranging over 5-6 orders of magnitude, from kaug .
ing gas (NO) and the noble gas Xenon, the liquid alcohols za=P-(EDs)-Vi (20)
to modern anesthetics such as liducaine. The partitiorficoefhere P is the partition coefficient between membrane and
cients of all these molecules lie within error on a straighe | water, £ D5, is the critical anesthetic concentration, arids
with slope 1 when plotted versus critical anesthetic dose ($he molar volume of the lipids (about 0.75 I/mol). The two
Fig. 8, left). equations above describe the behavior of many anesthBtics.
Even after more than 160 years the effect of anestheticsigarakoz [46] has collected data for various anesthetarses
organisms remains unexplained. A number of functions d$ cedf which are displayed in Fig. 8 (right). Shown is the concen-
are affected by anesthetics, including the membrane pdiifnearation dependence of the melting point as a function of the ¢
ity, hemolysis, nerve function and the function of ion chafcal anesthetic dose for tadpoles. The melting point dejoas
nels and proteins totally unrelated to anesthesia, e.gflyfirgor all anesthetics (shown here are alkanols) lie on a sttaig
luciferase. Since the most obvious effect is on conscicssngne when plotted versus the critical anesthetic dose. Tyes
much of the research has focused on the action of anest@ethe curve indicates that the shift of the transition terapare
ics on nerves. The Hodgkin-Huxley modEgl [6] is based on thecritical anesthetic dose isT,,, = —0.6 K for all anesthetics
opening and closing of ion channels, and it seems straightf@at follow the Meyer-Overton rule, independent of the chem
ward to investigate the action of anesthetics on ion chanifiel cal nature of the drud 36, 46]. The Meyer-Overton rule there
fact, it has been observed that some ion channel properest@re can be reformulated as: The anesthetic potency of anes-
influences by anesthetics. However, this effect is not dtzantthetics is proportional to their ability to lower the metiipoint
tive and does not follow the Meyer-Overton rule. Some chag¥ lipid membranes. It is clear that within the soliton model
nels are affected by some anesthetics but not by others. féysnerve pulses the melting points play an essential rolee T
an example, voltage gated sodium and potassium channelsigggimption in the following is that the lipid melting poinaps

slightly inhibited by halogenated alkanes and ethers btibyo an important role in the control of biological membranes.
Xenon and nitrous oxide, although all these anesthetits/ol

the Meyer-Overton rgle in causing anesthe@ [28]. It ha_imt05.3 Pressure reversal
concluded that protein pictures of anesthesia are not yist sa
factory. If one assumes that the lipid melting point is important for b
The Meyer-Overton rule suggests that the effect of anesthsbgical function and that the effect of anesthetics istegldo
ics is independent of the chemical nature of the moleculeceSi their effect on melting points, it is interesting to compéris
the noble gas Xenon lies on the same straight line as haleth@nother physical properties that also influence meltingh{soi
or the liquid anesthetics, one can essentially rule outiBpecmost notably the influence of pressure. It has long been known
binding effects, which are the basis of the protein models (shat pressure influences the melting points of membranes by
also discussion). shifting them to higher temperatures. The pressure depeesde
of such transitions is described lhy[38]

Ta, (29)

AT, =vwAp T, (21)
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Figure 8:Left: The Meyer-Overton rule for volatile anesthetics shythe linear dependence of
the oil/gas partition coefficient and the critical anesthatose for man. The solid line represents a
straight line with slope 1. Data adapted from ref. 27. Righbwering of the melting transition for
a series of alkanols as a function of the critical anesthdtse for tadpoles. The solid line displays
a slope of 1. Adapted from ref. 46.

whereyy = 7.8 - 1071%m? /N is a constant that is roughly thevhereT;,, ; is the transition temperature at atmospheric pres-
same for all lipids, lipid mixtures and biological membranesure and in the absence of anesthetics. We finally obtain
[B87,[38]. This equation indicates that a lipid membrane aith T T BT T
r’” =314 K(dipalmitoyl phosphatidylcholine) shi_fts its transi-Ag(xA’ Ap) ~ AH (mT()i_ N + WAPT_) )
tion by 1 K to higher temperatures upon application of 4018 ba m,0 m~,024
hydrostatic pressure. This indicates that a pressure &ft2at. . . - . (24)
should be sufficient to reverse the effect of anesthesiac(whpc the melting transition of the lipid membrane is to play &re
corresponds to a shift by 0.6 K to lower temperatures) Rress/ant role for biological function, it follows that biologa¢func-
reversal of anesthesia has indeed been found, first by Johl&) should be the same whek(= is the same. Therefore, the

et al. [47]. If tadpoles are anesthetized at 3 times the- Cr&pndmon for pressure reversal of anesthesia is or

cal anesthetic dose of ethanol, they wake up upon applitatio 1 RTmpo
of 150 bars of hydrostatic pressure. The pressure revefsal o Ap =~ 7_V Ag A
anesthesia is well documented in the literature. 1 RT,. o
Apeps, ~ — ~P(EDs)V; . (25)
vw AH

54 Freeenergy of the membrane The numbers obtained from this equation are of an order very

The free energy difference between gel and fluid phase is #imilar to that obtained in experiments. Data from octamal a
free energy that must be provided to shift the lipid membrab®PC membranes as well as the equations above suggest that

through its phase transition. It is given by a pressure of 24.5 bar reverses anesthEsla [36]. The data fro
T _T Johnson on tadpoles in an ethanol solution corresponding to
AG =AH —TAS = AH - ( m > , (22) three times the anesthetic dose was reversed by 150 bars of

m pressure[[47]. Our calculation yields 73.5 bars, assuming a

making use of the identitAS = AH/T,,. This equation indi- membrane partition coefficient for ethanol of 0.6 (whichub-s
cates that the free energy difference between the two plgsd@Ct to an error of the order of a factor 2).

linearly dependent on the difference of the experimentalte

perature,l’, and the melting temperaturé,,. Now, we have ; ;

shown in the previous section tha}, is influenced by both 6 Discussion
anesthetics concentration and by pressure. The melting t
peraturel;, is changed by anesthetics and pressure in the f
lowing manner

have suggested here that the Hodgkin-Huxley médel [6] for
e action potential does not provide a satisfactory dpsori
of nervous impulse because it does not include the mecHanica
T2, and optical changes associated with the action potentiat. F
T = Timo — N Vv ApT im0 (23) ther, it is clearly inconsistent with the thermal respon$ae
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initial heat release and subsequent re-absorption stuied that an initial phase of heat liberation was followed by orie o
number of authord 116,17, 11B,119,120] points rather to a teeat absorption. a net cooling on open-circuit was totalfy u
versible physical phenomenon that conserves entropy. rin cexpected and has so far received no satisfactory explamétio
trast, the Hodgkin-Huxley model is based on the flux of curttowarth et al. [[Il7] concluded from their finding of heat re-
rents through resistors that should heat the membraneéndejiease and subsequent heat uptdkeeems probable that the
dent of the nature of the current and its direction. Themsfogreater part of the initial heat results from changes in the e
we have proposed an alternate model based on the known tro@y of the nerve membane when it is depolarized and repolar
chanical and thermal features of artificial and biologicehm ized.” Reversible entropy changes, however, are not a feature
branes. It was shown that under physiological conditioas sof textbook pictures of nerve pulses. Here, we have followed
ble mechanical solitons could propagate and display réalersHodgkins suggestion and searched for ways to explain the re-
heat release, changes in membrane thickness, changes in mersible heat. Slightly below physiological temperatyuthere
brane order and reversible membrane potential changes. eXist chain-melting transitions of the membrane. It isriest
these changes have been observed in experiments. In parti@uto note that these transitions occur at much lower teesper
lar the reversible heat release and the overall conservafio tures in the absence of the proteins. For instance, thermgelti
entropy is a feature typical of sound propagation. It shdndd point of E.coli lipid extracts is about 20K lower than that of
noted that we use the term sound propagation in a genera& séims native membrane in the presence of all their lipids. &her
that includes all changes of the thermodynamic variablas tfore, the presence of proteins seems to play an essengahrol
accompany a mechanical compression according to Maxwéhe-tuning the thermodynamics of biological membranes. Be
relations. In such a description, the simultaneous ocoagef sides their role as catalysts, proteins also possess chlgmoic
density changes, voltage changes, and heat release igssurentials that are thermodynamics variables. They cortiibm

but rather a necessary consequence of thermodynamics. thleédehavior of membranes in a manner similar to temperature
Hodgkin-Huxley model seems to be in agreement with fluxpeessure, pH and other variables. The presence of coogerati
through ion channel proteins. However, the currents thmougid transitions forms the basis for the possibility of dén
such channels fall short of presenting an explanation in thalses that propagate along the nerve axon. One short-gomin
sense of a physical theory based on first principles. The cof-our model is that it does not yet include a frictional term
ductances of the channels contain many parameters that ezen though one may expect that, due to the flux of lipids and
not be justified theoretically. Therefore, their seemirgjiyiple changes in diameter of the nerve, a proper hydrodynamit trea
description relies on objects that contain all the unexydi ment should yield in a dampening of the pulse. This problem
features in the form of parameters. For this reason Hodgkémains unanswered in the context of our model, mainly due to
and Huxley originally recommended treating their modehwithe lack of detailed data on the dimensional changes in serve
care. They state in their seminal paper from 1952"Tdle However, experiments show that such density pulses propaga
agreement must not be taken as evidence that our equatif@)&0] in real nerves, and the near-complete reversal di¢da¢

are anything more than an empirical description of the tim¢&g, [17,[18] suggests that friction is small. Within the tmii
course of the changes in permeability to sodium and potasedel proteins do not play a role as channels or as active com-
sium. An equally satisfactory description of the voltage@ ponents. Rather, they tune the thermodynamics of the mem-
data could no doubt have been achieved with equations of viergne. An important question is how such a mechanical soli-
different form, which would probably have been equally suon can be generated in a membrane. Since the soliton pushes
cessful in predicting the electrical behavior of the menmeara the membrane through its chain melting transition, evéngth
...the success of the equations is no evidence in favoueofttiat moves membranes through transitions should be able to
mechanism of permeability change that we tentatively hadgenerate a pulse. All physical changes that push the tiamsit
mind when formulating them’In this paper we have, in fact,away from physiological conditions should inhibit pulsess
shown that many changes can be explained by totally diffar example, local cooling of a nerve has been shown to induce
ent physical mechanisms that result in similar equationt® nerve firing, whereas temperature increase inhibits puse c
pulse propagation. Hodgkin was clearly aware of the probleduction [31]. Due to the electromechanical coupling démati
generated by the finding of a reversible heat releases dilmingin sectiofZ}, changes in trans-membrane voltage are also p
action potential. He wrote in his textbook ‘The conductidn t¢entially able to generate pulses. Further, a local deereés
the nervous impulse[121}In thinking about the physical ba- pH, increase in pressure or increase in calcium conceoirali

sis of the action potential perhaps the most important thng have the potential to trigger pulses because all of thesegesa

do at the present moment is to consider whether there are amyrease the phase transitions of biomembranes. Mosestter
unexplained observations which have been neglected in-anigly, anesthetics inhibit pulse generation due to thedpprty
tempt to make the experiments fitinto a tidy pattern. .. .@esh of lowering phase transitions. Since ion channels do not pla
the most puzzling observation is one made by A.V. Hill and his active role in our description of nerve pulses, it is obsio
collaborators Abbott and Howarth (1958).[16] ... Hill andsh that the action of anesthetics requires a different expiama
colleagues found that it (the heat release) was diphasic aén their action on ion channels. The famous 100-year old
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Meyer-Overton correlatiord [2%5, R6,12[7.128] states that the References

tion of anesthetics is, within error, strictly proportidtatheir a
solubility in lipid membranes. This law is valid over 6 order
of magnitude in the membrane/air and membrane/water parti-
tion coefficient. This law remains an elegant and valid mea
to determine the effectiveness of an anesthEfic [28]. ichig
excludes the notion that the action of anesthetics can kedin [3]
to specific binding of the drug to a receptor. The argument is
simple: The binding of two molecules is described by the freg)
energy, which is a function of state. If the action of anesthe
ics is exactly proportional to the concentration of drugshi@  [5]
membrane independent on chemical nature of the drug as fol-
lows from the Meyer-Overton correlation, the binding camst
of all anesthetics to receptors must be identical, inclgdimat [6]
of the noble gas Xenon. Since noble gases cannot bind specifi-
cally, the same must be concluded for all other anesthétats t
follow the Meyer-Overton rule. The experimental finding is
that halogenated alkanols act very differently on ion cledsin 8]
than Xenon or nitrous oxide. Thus, protein models are qtear[
not consistent with the well-documented Meyer-Overton cor
relation. Although protein models are currently quite papu [9]
they cannot fulfill the basic thermodynamic requirements fo
anesthetics that follow the Meyer-Overton correlation.eDaol
the above argumentit is unlikely that the action on ion cledsin!10]
is related to anesthesia. Here, we have outlined the thgrmod
namic theory of how anesthetics influence the phase behalidk
of lipid membranes via a well-known unspecific phenomengn
known as freezing-point depression. It states the Iowemihg[
the melting point is proportional to the membrane concentra
tion of the anesthetic drug. Thereby, we attribute a physi
meaning to the Meyer-Overton rule that was not provided by
Overton himself. By this mechanism anesthetics alter the f@
tures of propagating solitons in a quantitative manner. évior
specifically, they alter the amount of free energy that has to
be provided to generate a pulse. We found that it is lineaty d15]
pendent on the distance between physiological temperatare
the transition in the nerve membrane. This approach adhats t
possibility of finding strict thermodynamics relationsween
various thermodynamics variables, including the pressere
versal of anesthesia that can be calculated in quantitiives [,
[&7]. It seems unlikely that all of these quantitative ctatiens
can be found experimentally without thermodynamics bemg a
essential player in the description of both the action pidén[18]
and the action of anesthesia. Indeed, simple thermodysamic
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the solitons, and Dr. |. Tasaki (NIH, Bethesda) and Dr. k ]
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contributed the analytical solution of the propagatingtsaol
and many hours of discussion. [22]
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