Biochimica et Biophysica Acta, 1106 (1992) 335-343 335
© 1992 Elsevier Science Publishers B.V. Ail rights rescrved (005-2736 /92 /805.00

BBAMEM 75638

Alcohol interaction with high entropy states of macromolecules:
critical temperature hypothesis for anesthesia cutoff

Yoshiroh Kaminoh !, Shinya Nishimura 2, Hiroshi Kamaya and Issaku Ueda

Department of Anesthesia, University of Utah School of Medicine, Salt Lake City, UT (USA) and Anesthesia Service,
VA Medical Center, Salt Lake City, UT (USA}

(Received 13 September 1991)

Key words: Thermotropic phase transition; Alcohol effect: Anesthetic: Lipid bilayer

Nerve excitati heat and di the entropy (review by Ritchie and Keynes (1985) Q. Rev. Biophys. 18, 451-476).

The data suggest the existence of at least two thermodynamically :dcnnfuhlc states: resting and excited, with a thermotropic
transition between the two. We cnvision that nerve excitation is a b the two states of the excitation machinery
consisting of proteins and lipids, rather than the sodium channel protein alone. Presumably, both proteins and lipids change their
conformation at excitation. We proposed (Kaminoh et al. (1991) Ann. N.Y, Acad. Sci. 625, 315-317) that anesthesia occurs when
compounds have a higher affinity to the resting stale than to the excited state of excitable membrancs, and that there is a critical
temperature above which the affinity to the cxcited state becomes greater than to thc restmg slalc When the temperature
exceeds this critical level, compounds lose their anesthetic potency We used th ph of les as
a modcl for the excitation process. A ic alcohals d d the main of dipalmitoylphosphatidyl.

choline (DPPC) membranes and also the temperature of the a-helix 1o p-sheet transmon of poly(L-lysine). The affinity of
alcohols to the high- and low-temperature states of the DPPC b were i d. The differcnce in the
affinity of n-alcohols to the liquid (high-temperature) and solid (1 ) states 1 with their ic potency,
It is not the total number of bound anesthetic molecules that determines the 1 rather, the dif in the affinity
between the higher and lower entropy states determines the effects, The critical temperatures of the long-chaisn alcohols were
found to be lower lhan those of the short-chain alcohols. Cutofi occurs when the critical temperature of long-chain alcohols is

below the physiol such that the h

Introduction

In a homologous series of alcohols, elongation of the
carbon chain 5 accompanied by an increase in anes-
thetic potency in paraflel with an increase in the
oil/water partition coefficients. The anesthetic po-
tency, however, disappears when the carbon chain ex-
ceeds a certain length, despite increases in the oil
solubility: a phenomenon nown as cutoff. The cutoff
length for n-alcohols is 12 to 13 carbon atoms [1-3],
and 8 to 10 for n-alkanes [4).

Short-chain hols (with heti ) de-
crease the temperature in the main transition of phos-
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ic potency is not manifested in the experimental temperature yange.

halinid 1 Y

the solid (rippled, Py )

and liquid (L) states. According to lhe elnngatlon of’

the alcohol cham, the p of to d

the iransition iemperawre increases, but when the

carbon chain exceeds a certain length, they start to

elevate the transition temperature. The switch from
pression to elevation coincid wnh the cutoff length

[5-8]. Thus, a correlation of with
the phase transition of lipid membranes [) 11} is to be
expected.

Miller and co-workers [2,12] proposed that the per-
turbation of the membrane structure is essential for
pharmacological efficacy, and that the cutoff is caused
by the loss of the perturbation effects. Franks and Licb
[13), on the other hand, proposed that anesthetic alco-
hols bind to specific receptor sites on proteins, where
the receptor site has a size limit for accepting the
ligand, They [13] oomended that cutoff occurs because
the henc long-ch Icohols are too large to
be ace d into the putati ptor. Chiou et
al. [14] reported that the hydrogen bond-breaking activ-
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ity of n-aicohols dehydrating the membrane surface
i with the el of the carbon chain, but
disappears at the cutoff chain length.

The switch from depression to elevation of the phasc
transition temperature in lipid vesicle membranes indi-
cates that anesthetic alcohols interact preferentially
with the liquid phase, whereas non-anesthetic alcohols
interact with the solid phase. This does not mean that
the change in the main-transition temperature solely
dctermines the anesthetic potency. Lipid mcmbrane
polymorphism is well known, and DPPC (dipalmitoyl-
phosphatidylcholine) membrane transforms from solid
(L) to tilted (L), rippled (Py), and liquid (L) as the
temperature is increased. What is important is the
recognition of highly cooperative two systems in equi-
librium: the higher temperature structure is more ran-
dom (higher entropy) than the lower. Ancsthetics stabi-
lize the higher entropy structure. This is not limited to
lipid membranes. Protein secondary structures also un-
dergo thermal phase transition between a-helix and
B-sheet and anesthetics favor the B-sheet structure.
The differcnce between the two phases in the ancs-
thetic affinities determines the anesthetic potency [16]).
We [15,16] derived a method to calculate the affinitics
of anesthetics to solid and liquid membranes separately
from their effect on the transition temperature.

This study uscd the main transition of DPPC mem-
branes as a model for the equilibrium of two statcs to
analyze the mechanisms of cutoff. The effect of i-
butans! on wne thermotropic phase-transition between
a-helix and B-sheet in a homopolymer peptide poly(:.-
lysine) is included to show that the alcohol effects on
the macromolecular structure are not limited to lipid
bilayers.

Materials and Methods

1. Chemicals

Synthetic DPPC, poly(L-lysine - HCl) (nominal
molecular weight: 17 500, determined by low-angie laser
lisht scattering method), and n-alcohols (I-butanol, I-
hexanol) were obtained from Sigma; l-octano! from
Fluka; and I-d I, l-dodecanol, I-tridi i, and

[17~19]. Alcohols were added to the multi-lamellar
vesicle suspension before ultrasonic irradiation and the
added amount was verificd by weight with an ultrami-
crobalance (Perkin-Eimer Autobalance AD-2D, Nor-
walk, CT) [7).

3. Prepa~ation of poly(1-lvsine)

The random-coil solution of poly(i.-lysine) was pre-
pared by discolving it into 100 mM NaCl solution. The
stock solutioh of a-helix was prepared by adjusting the
pH of the random-coil solution to 11.6 by adding 0.1 M
NaOH, and stored at 4°C, 1-Butanol was added to the
stock solution by a microsyringe. The added amount
was verified by weight with the ultramicrobalance. The
final concentration of poly(1-lysinc) was (.42 wt% (26
mM residue) at pH 11.6.

4. Transition temperature

The transition temperature of the DPPC liposome
was determined by a light absorbance method
[8,9,16,20-22). The advantage and disadvantage of the
optical method in comparison with differential scan-
ning calorimetry, fluorescence. and clectron-spin reso-
nance were discussed in our recent article [8]. A
Perkin-Elmer Model 554 UY-visible spectrophotom-
cter (Norwalk, CT) was used to measurc the light
absorbance of the vesicle suspension at 400 nm. The
cuvette temperature was scanned at 0.5 C°/min by a
Perxin-Elmer programmable digital temperature con-
troller and a Peltier heat exchanger. The sample tem-
perature was measured with a thermistor probe in-
serted into the cuvette slightly above the light-path and
monitored by a Cole-Palmar thermometer Model
8502-16 (Chicago, IL) with 0.01 C° resolution. The
sample solution was continuously mixed with a dircct
drive stirrer (Spectro-Stir, Orcland, PA) during the
temperature scan. The light absorbance and the tem-
perature were recorded by a Nicolet digital oscillo-
scopc Model 310 (Madison, WI) interfaced with an
IBM PC. Typical traces of phase transition are shown
in Fig. 1. The average of the midpoints in the heating
and ceeling cycles was chosen as the phase transition

I-tetradecanol from Kodak. Water was treated by a
water purifier (Sybron/Barnstead, Boston, MA) con-
sisting of two mixed-bed ion-cxchanger columns, an
activated carbon column, and an ultrafilter.

2. Vesicle preparation

DPPC was suspended in water by a Vortex mixer
until hc n pensi was i. The
multi-lamell ion was d in the cuphorn
of a Branson Sonifier Model 185 (Danbury, CT) at a
temperature above the transition for 20 min. The uni-
lamellar vesicle suspension was aged for a week at 4°C
to obtain a relatively homogencous size distribution

The thermotropic a-to-g transition of poly(L-lysine)
was measured by a MicroCal MC-2 differential scan-
ning calorimeter (Northampton, MA) interfaced with
an IBM-AT computer. To prevent the bubble forma-
tion in the DSC celi, the sample was degasscd under
vacuum with stirring for 5 min before injection into the
scanning cell. During the preparation and degassing of
the sample solution, the temperature was kept at 4°C
to avoid the transition from a-helix to B-sheet. The pH
was determined by a Radiometer Ion 85 lon Analyzer
{Denmark) and a combination pH electrode (Orion,
Cambridge, MA). The DSC cell was pressurized by
nitrogen gas at 15 psi. The heating rate was 10 C°/h
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between 5°C and 65°C. The DSC spectra were ana-
lyzed by MicroCat ORIGIN software.

Resuits

i. Effects of n-alcohols on the main transition of DPPC
membranes

Fig. 2 shows the cffect of w-alcohols on the main
transition temperature of DPPC membranes. |-
Butanol, 1-hexanol and 1-octanol depressed the transi-
tion temperature within the experimental concentra-
tion range. The cffect of -decanol was biphasic; de-
pression of the transition temperature at low concen-
trations, and clevation at high concentrations. |-
Dodecanol did not change the phasc transition temper-
ature of DPPC membranes. 1-Tridecanol and [-tetra-
decanol clevated the transition temperature. These
results were in agreement with our previous reports
[7.81

TABLE 1

Effects of lipid concentrations on the main transition temperature change

‘The unit is C°/M.
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2. Effect of lipid concentrations

The lipid concentration affected the potency of n-
alcohols on the transition temperature. The change in
the transition temperature (d7,/d[Al,), with infinite
dilution of alcohols at various lipid concentrations, is
listed in Table 1. The alcohol effects on the transition
temperature were stronger when the lipid concentra-
tion was lower.

3. Differential scanning calorimetry of poly(i.-lysine)

Fig. 3 shows typical differential scanning thermo-
grams of the a-to-B transition of poly(L-lysine) in 100
mM NaCl at pH 11.6 in the presence and absence of
1-butanol. The transition temperature and the excess
enthalpy of the a-to-B transition without [-butanof
were 39.8°C and 3.60 kJ per mole residue, respectively.
1-Butanol showed biphasic effects on the transition
temperature, 7,. When the 1-butanol concentration
was less than 100 mM, the transition temperature
decreased. At 100 mM, the transition temperature
started fo increase (Fig. 4). Despite the biphasic effect
on the transition temperature, the excess enthalpy of
the a-to-8 transition remained constant.

Data analysis and Discussion

1. Membrane / water partition coefficients of n-alconols

Anesthetics (or any other additives) shift the main
transition temperature according to the differcnce in
the partition coefficients of the anesthetics to the lig-
uid (1) and solid (P§) states of the membrane [15,16].
The partition coefficients of anesthetics to each state
can be separately estimated from their effects on the
transition temperature (7)) according to the following
equation [15):

( d7, ) )
__RE P-d .
Al S, o~ 30, i+ P !

where T,, and 4H, are the transitior temperature and

Aicohol Lipid concentration (mM)
(C”;‘"“““ 03 ns 10 20 30
"
4 - EENERTT -327-10! -317-10!
6 - 6.89-10° - - 6.02-10° =603-10%
8 ~7.72:10° - —-S5.80-10% -5.38-100
10 - -200-0* — L2810 ~7.66-10° .
13 - B60-10° 4.32-10° 278-10% 160-10%
14 - 225-10° 203:10% 117-10% 5.26-10°
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the transition enthalpy of the lipid membranes without
any additives, and R is the gas constant. The value of

AH,/RT? is 0.0437 {15} In a reciprocal form, it be-
comes
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Fig. 3. Di scanning of the phase
transition of poly(L-lysine) between a-hullx and B-sheet conforma:

tions at 6) mM NaCl (pH 11.6), and effects of 1-butanol. Abscissa is

the temperature and ordinate is the excess heat capacity (kJ(residue

mol)~'deg "), The 1-butanol conc -ntrations are: (A} 0, (B) 00705
M. and (C) 0.16 M.

Eqn. 2 shows that the partition coefficients of anes-
thetics to each state (P} and P§) can be obtained from
the slope (A4) and the Y-intercept (B) of the plot
between the reciprocal of d7,/d[A]; vatues and the

) 50 100 150 200
[(BUT&nOL] (mh)
Fig. 4. Effects of 1-butanol on the a-to-B transition temperature of
poly{i-lysine), Ordinate is the tiansition temperature, and abscissa is
the I-butanol concentration.



lipid concentrations ([L};). The partition coefficients
are obtained from A and B as follows:

Pl+PR=111-A/B

- rp-sss s @

1.1. Pariition cocfficients of alcohols with intermediate
chain lengths

Eqn. 1 shows that the estimated values of P} and
P are most accurate when the value of (L] [P+
P£1/2) is not very far from 55.5. Alcohols with interme-
diate chain lengths (1-hexanol, l-octanol, and 1-de-
canol) satisfy this condition. Fig. 5 shows that the plot
between the reciprocal of d7,/d[A]; values and the
lipid concentrations ([L),) is linear. From the slopc
and the Y-intercept, the partiuon coefficients (P and
P}), the difference (AP, = P} — P}), and the ratio (K
= P§/P)) are estimated .md are shown in Table ll
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Fig. 6. Effects of the carbon-chain length of n-alcohols on the
transfer free energy. Ordinate is the transfer free energy per mole of
alcohols, and abscissa is the carbon-chain length of alcohols. A line is
dmwn I‘or lhc transfer of n-alcohols to the liguid state by the

The partition cocfficients i d by i

the carbon-chain length. Fig. 6 is the plot of the
transfer free energy {4G{,,= —~RTIn(P)), i=1 or g
of n-alcohols compared to the carbon-chain length.
The free energy change of the partition of alcohols to
the lipid membranes increased linearly. From the slope,
the incremental transfer free emergy per methylene
moiety (A4G, ) is obtained by fitting the data to
the following cquation:

4G,y = 348G, - + (constant) )
"
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Fig. 5. Effects of the DPPC concentration on the transition tempera-
ture of vesicle membranes. Abscissa is the DPPC concentration in
mM. Ordinate is the reciprocal of the (dAT, /d[Al;). Lincs were
drawn by the least-square linear regn.:mnn Symbols are; ®, §- hex:mol
O, l-octanok: M, 1-d i a, and a1

method, Symbols are: O, transfer to the
llquld mombr.mu. and 0O, to the solid membranes. Closed symbols
are the estimated values from Equ. 4.

where n is the carbon-chain length of alcohols. The
value of AAGm‘,,,y, was ~2.08 kImol~' methyl~' for
the liquid state, L, (r2 = 0.986).

Diamond and Katz [23] reported that the values of
A44G, .y of alcohols (between methano| and 1-
butanol) to DMPC (dimyristoylpt idylcholinz)
membranes were —1.88 (C1-C2), ~2.72 {T2-C3) and
—2.18 kimol™' methyl ' (C3-C4). Franks and Licb
[24] reported that the AAG,uy of the cholesterol
containing vesicle was — 3.4 kI mol ~! methyl~'. Ahmed
et al. [25] measured the transfer free energies of phe-
nothiazine derivavives at the temperature below and
above the transition of DMPC membranes, and re-
ported that AAG,,,, values were —1.62 at 30°C and
—1.06 kJmol~ ‘methyl ! at 15°C. Considering the dif-
ference in the membrane phospholipids they used, the
scatter of these values may be in the acceptable range.

The present analysis is limited o the initial part of
the biphasic response of the main-transition tempera-
ture, A detail ion about the biphasic effect of
long-chain alcohols can be found in our recent articles
[8,26).

1.2. Partition coefficient of short-chain alcohols

For alcohotls of shorter chain length than 1-butanol,
the partition coefficient to DPPC is cxpected to be
small. When the partition caefficients are small, (L},
P} + P£1/2) becomes much smaller than 55.5, and
Eqn. 1 is approximated as

a7 ) RTS PR -PL
dlAlrJim, -0 AH, 555

o

)
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TABLE [}

The partition cocfficients of n-alcohols to the liquid and solid swates of
nepc

PL was estimated from Eqn. 4, and P{ from AP, (or but.aol) or K
(for tri and d D). The fca, vadues are ex-
pressed by the ratio of mole fractions. To convert to the molarity
scale, divide by 424 {11).

Alcoho! I I3 YN K
C atoms
()
4 2060 1980 %0 0963
6 1200 9380 1810 0838
8 39700 17200 2500 0433
10 268000 125000 143000 0466
12 11R0000 118000 [
13 2600000 3410000 -810000 1310
5] STO00M0  LI600000  —S840000 2012

Here, the alcohol cffect on the transition temperature
becomes independent of the lipid concentration (sce
Table 1, 1-butanol). Egn. 5 indicates that only the
difference in the partition coetficients can be estimated
from the transition temperature depression, and the
values for P} and P} cannot be obtained from the
plotting. Hence, to estimate these values, we assume
that A4AG,.,, between 1-butanol and i-hexanol is
similar to that between 1-hexanol and 1-decanol. Then,
the partition coefficicnt of 1-butanol to the liquid state
(L,) of DPPC membranes was estimated to be 2060
according to Eqn. 4. From this valuc and AP, the
values of P§ and K were calculated to be 1980 and
0.963, respectivety (Table 11).

1.3. Partition coefficient of long-chain alcohols

It has often been contended that long-chain alcohols
do not interact with membranes [3,27]. This non-inter-
action is presumed to cause the loss of anesthetic

TABLE 11

The potency of walcohols for anesthesia and transition temperature

potency of larger molecules. However, the overall par-
tition coefficients of long-chain alcohols to the phos-
pholipid model membranc continues to increase be-
yond the cutoff length [24].

To calculate the partition coefficients of long-chain
alcohols to the liquid and solid states, we first esti-
mated the partition coefficient to the liquid state from
Eqn. 4. Becausce the partition coefficients of these
alcohols are very large, Eqn. 5 is approximated as

J7, _ RIS 1-K
(dll\h)w, WO TR, T ©
Similar to the short-chain alcohols, only the ratio (K =
PE/P)) of the partition cocfficients between liquid and
solid membranes can be obtained from the transition
temperature change (Table 11). The values of K for the
long-chain alcohols arc farger than 1. This indicates
that the affinity of these alcohols to the solid mem-
bianes is higher than to the liquid membranes

From Eqn. 4, the partition coefficients of 1-tride-
canol and 1-tetradecanol to the liquid state (L,) of
DPPC membranes were estimated to be 2600000 and
5760000, respectively. From Py and K, the values of
P§ and AP, are calculated and shown in Table IL
Because of the higher affinity to the solid membrane
(P} < P§, Table 1D, the long-chain alcohols increase
the transition p of DPPC b

2. Anesthetic potency and transition temperature change

The hetic potency is generally described by the
buik concentration of anesthetic in water (mM) or in
the gas phase (partial pressure). However, these values
vary according to the anesthetic distribution within the
gas phase, the aqucous phase, and the target site. The
potency expressed by the buik concentration represeiiis

The ECy, values are from Alifimoff et al. [2). The unit of concentration O is molarity (M),

Alcohol Anestiesia (tadpuole) Transition temperature

5")"“"“‘ FCu o L [awny [E Crrane
4 L0810 2 EICHTES 1.55- 100 0062
s 290107} - - -

6 S04 L300t A16-10"! 0.305
7 2300 4 - - -

8 570-10° ¢ 108104 L0t 0.770
9 3010 * - - -

10 1.26-10°% 1.70-10-% 9.63-1072 1000
i 8.10-10°° - - -

12 ERABTR 0.00 0.00 0.000
13 =300-10°" —-185-10! -0.522
14 no anesthesia —416-10° 7 —988-10-3 - L704




an apparent potency. The intrinsic potency must be
expresscd by the concentration at the target sitc.

2.1. Apparent potency

We [16] showed that the difference in the affinity of
foca! anesthetics correlates well with their apparent
anesthetic potencies, When the lipid concentration is
vcry small, the potency of alcohol in water (C%") to

rans
the tr: p by1 Cis

55.5-4H, 1
e e

-
Y

The reciprocal of this concentrativn is the apparent
poteney to change the transition temperature. Clater
was calculaied and shown in Table HI.

Alifimoff et al. [2] reported the ECy, of n-alcohols
in the inhibition of the righting rcflex of tadpoles. Fig.
7 shows the excellent linear rclationship between

water) and In(ECs,,) with a slope of 1.11 (2 = 0.999).
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Fig. 8. Effects of the carbon-chain length on the relative potencies of
n-alcohols in reference to 1-decanol. Ordinates are the relative

The difference in the partition cocfficicnts b the
liquid and solid states is proportional to Cyar (Eqn.
7). The apparcnt anesthetic potency of n-alcohols cor-
relates well with the difference in the nartition coeffi-
cient between the liquid and solid states,

2.2. Intrinsic potency

The intrinsic potencies of alcohols to induce anes-
thesia in tadpoles [2] and te decrease the transition
iemperature of lipid membranes are compared by esti-
mating their concentrations in the liquid state of the
membranes. We assume thac the liquid state is equiva-

rens

REFEN

4 3 B

-log ECso

Fig. 7. Relationship between the ECg, values in tadpoles [2] and the

CRi Cornst was caleulated from Eqn. 7 and Table I1. The line was

drawn by the least-squares method. The slope was 111 (7 = 0.999),

The dif in the partition ients (4P, = PA — P{) is pro-
portional to Cras’ (Eqn. 7).

for hesia (a), and change (0), The zero

and negative values are for the transition temperature only. Negative

values (below lhc horizontal broken line) indicate elevation of the
and no hetic potency.

lent to the resting state. The membrane concentrations
of alcohols required for anesthesia (CIS™) are esti-
mated by multiplying the ECy, by the partition coeffi-
cients (P1) of DPPC membranes as showa in Table HI.
The reciprocal of CISM represents the intrinsic anes-
thetic potency.

The alcohol concentration in the liquid DPPC mem-
branes required to depress the transition temperature
1¢° (Cm\.mhr) is

trans

5
Cmenbr
trans

@®)

The reciprocal of CI™ in Table I is the intrinsic
potency of alcohols to change the transition tempera-
ture of modcl membranes, To compare the intrinsic

ies with the p of the depres-

sion of the transition tempcralure, the relative poten-
cies (@, and a,,,,) were calculated in reference to
1-decanol, because this alcohol showed the maximal
effccts Fig. 8 is the relation betwecen the relative

wnd the carbon-chain length. When the car-
bon-cham length increases, both relative potencics in-
crease up to !-octanol then decrease after i-decanol.
The b d with alcohol:
longer than 1-d d 1. Simu! ly, the p
to change the transition temperature was negated, and
the transition temperature was elevated by these alco-
hols. The correlation between these two potencies was
excellent (Fig. 8).
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3. Mechanism of anesthesia and cutoff phenomena

3.1. Two-state model of nerve excitation and anes-
thetic action

Nerve excitation gencrates heat [28,29]. The heat-
flow profile can be superimposed on the action poten-
tial on a millisecond scale. It suggests that at least two
thermodynamically identifiable states exist for nerve
excitation {28,29]. We cnvision that nerve excitation
involves transition of the intcgral excitation machinery
consisting of the sodium channel protein and the lipid
matrix between the two states. After all, pore struc-
tures cannot be formed unless channel proteins are
incorporated into the membrane architecture. Presum-
ably, both proteins and lipids change their conforma-
tions at excitation.

Because excitation (depolarization) is exothermic
and recovery to the resting state (polarization) is en-
dothermic, high temperature supports the resting po-
tential level and low temperature supports the action
potential level. This is not a hypothetical model. In a
squid giant axon, conditioned to sustain metastable
actica potential [30], Spyropoulos d strated that

- with higher values in the low temperature range -
again suggest that these enzymes exist in at least two
different states. The two states may be ascribed to the
conft of the protein, the membrane
lipids where the bedded, or a bina-
tion of both.

Ancsthesia occurs when a compound has a higher
affinity to the resting state than to the excited state,
and the ancsthetic binding stabilizes the resting state.
The higher affinity of ancsthetics to membranes in the
high temperature range (resting state) may be a reason
for the close correlation between the anesthetic po-
tency and the depression of the transition temperature
in lipid membranes. In the following, the effcct nf

hetics on lipid is used as a fi
model to analyze the thermotropic phase-transition of
the excitation machinery.

y is

3.2 Critical temy hypothesis of /
Wc use local anesthetic ddld to show the discrep-
ancy b the branc binding of hetics and

their effects. Although the effects of local and general
hetics are not identical, the temperature depen-

application of a heat pulse during action potential
suppresscc the depolarization [30]. Inouc et al. {31]
wsly d ated that high temperature
supports the resting potential and low temperature
supports the action petential in a squid giant axon. By
scanning the temperature between 2°C and 20°C, ihey
demonstrated that cooling induced an abrupt depolar-
ization at 5°C. The membranc stayed at the depolar-
ized state when heated, until about 16°C where the
membrane abruptly repolarized. This sequence could
be repeated with hysteresis. The result suggests that
nerve excitation is a transition between two states:
polarized and depolarized. The transition resembles
the main phase transition of lipid merabrancs between
liquid and solid. or the transition of proteins between
B-sheet and a-helix conformations. Both liquid-to-solid
transition in lipids and S-to-a transition in proteins are
exothermic and the reverse is endothermic.

As an cxample for proteins, the a-to-8 transition
thermograms of a polypeptide are shewn in Fig. 3.
Poly(1-lysine} was chosen because this homopolymer
pepllde can be formed into well-defined a-helix. The

hermic ther s were obtained by differen-
tial scanning calorimetry. It shows that 1-butanol de-
creased the transition temperature. In this analogy, the
liquid state of lipid model membranes and the B-sheet
conformation of proteins currespond to the resting
state, whereas the solid state and the a-helix confor-
mation correspond to the excited state [16,32).

The existence of two states in functional proteins is
not limited io ihe excitation machinery in cell mem-
branes. Most membrane enzymes show a clear break in
the Arrhenius plots [33,34]. Two activation enthalpics

dency of their effects is comparable. The nerve block-
ing potency of local anesthetics mcrcases at low tem-
perature despite the d in ic
(negative temperature dependence) [35-37). The mter-
action of local ancsthetics with lipid membranes is
endothermic, and the enthalpy change for the interac-
tion with the solid state is larger than with the liquid
state [32]. The van't Hoff plot of local anesthetic parti-
tion to model phospholipid membranes shows a break
[32]. When the temperature decreases, the affinity to
the solid state decreases more than to the liquid state.
The difference in the partition coefficients between the
two states increases with the decrease in the tempera-
ture. The cause of the increase in the nerve blocking
potency at low temperature is the increased difference
between the affinitics of the resting and excited states
[32]. The total number of anesthetics bound to the
action site has no meaning; the difference in the ancs-
thetic affinities to the high entropy structure and the
low entropy structure determines the anesthetic ef-
fects.

The difference in the affinities decreases at high
temperature, and becomes zero. Above this tempera-
ture, the affinity 1o the solid state becomes greater
than to the liquid state. Under this condition, the nerve
blocking potency disappears. This temperature is the
*¢ritical temperature of anesthesia’ [32].

3.3. Mechanism of cutoff phenomena

The critical temperature of anesthesia differs with
cach drug. The present results showed that 1-dodecanol
(12 carbon atoms) did not change the transition tem-
perature, while 1-tridecanol elevated it. These results
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indicate that the critical temperatures of 1-dodecanol
and 1-tridecanol (13 carbon atoms) in the DPPC modet
membrane system are just above and below the transi-
tion temperature of DPPC (42°C), respectively. Our
previous results [7) also show that the transition tem-
perature clevates when the carbon-chain length of n-
alcohols increases above 1-dodecanol. Thus, the critical
temperaiures of the short-chain alcohols are expected
to be higher than those of the long-chain alcohols.
Fig. 9 explains the relationship between the physio-
logical temperature and the critical temperature. The
critical temperatures of the short-chain and intermedi-
ate-chain alcohols (A) are higher than the physiological
temperature, hence anesthesia cnsues. The critical
of the long-chain alcohols (B) is lower
than the physiologi These alcohols in-
teract preferzatially with the excited state. They fail to
induce anesthesia.
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