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SUMMARY

Bogas, J. M., YoonGg, T. & Hsia, J. C. (1976) Site and mechanism of anesthetic
action. I. Effect of anesthetics and pressure on fluidity of spin-labeled lipid vesicles.
Mol. Pharmacol., 12, 000-000.

The lipid expansion hypothesis of anesthesia has been re-examined. We have measured
the effect of anesthetics and pressure on the order parameter of phosphatidylcholine-
cholesterol bilayer vesicles labeled with fatty acid spin labels. Concentrations of halo-
thane, chloroform, diethyl ether, butanol, and benzyl alcohol which produce general
anesthesia have no significant effect on the order of the bilayer structure, while 100 atm
of helium have a constant small ordering effect with or without anesthetics. The lack of
correlation between anesthetic and pressure effects on lipid model membranes fails to
support the lipid fluidization hypothesis of anesthesia or to account for pressure reversal

of general and local anesthesia.

INTRODUCTION

Anesthetics include a wide variety of
simple, nonreactive substances which fit a
strong correlation between anesthetic po-
tency and lipid solubility. Current theories
hold that they act at a hydrophobic site in
nerve membranes by a physical mecha-
nism. The nature of this hydrophobic site
has been a subject of intensive investiga-
tion.

The effect of pressure may be a useful
tool to determine the site and mechanism
of anesthetic action, since 100-200 atm
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pressure can reverse (1-6), have no effect
(5), or, as we shall show in the following
paper, enhance (7-9) narcosis and nerve
conduction block, depending on the anes-
thetic and organism studied. Since anes-
thetics have been shown to expand biologi-
cal membranes (10), the critical volume
hypothesis (3, 4) has been developed for the
mechanism of anesthesia, based on the ex-
pansion of a hydrophobic region in nerve
membranes with pressure counteracting
this expansion and reversing the anesthe-
tized state. Thus far no attempt has been
made to account for other pressure effects
on anesthesia.

The lipid bilayer has been suggested to
be the site of this expansion via fluidiza-
tion of the lipid fatty acid chains. Several
lipid model studies have been performed to
test the effect of anesthetics on lipid bi-
layer structure and the validity of this
mechanism with regard to pressure rever-
sal (11-15).

However,. to the best of our knowledge,
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there has not been an adequate demonstra-
tion that clinical concentrations increase
lipid fluidity to an extent which could ac-
count for expansion of membranes or suf-
fice as a mechanism for anesthesia, partic-
ularly if the effects of pressure are also
considered. There is no doubt that high
concentrations of anesthetics can disturb
bilayer structure, but it is crucial to demon-
strate that this effect occurs at clinically
significant concentrations. In the present
work we have examined the effect of low
concentrations of the neutral anesthetics
benzyl alcohol, butanol, halothane, di-
ethyl ether, and chloroform and of 100 atm
pressure on the fluidity of lipid vesicles
-containing doxyl fatty acid spin labels
[I(m,n)] in order to find the concentration

~

d N-o
CH3(CH) m—CZ- (CH ), —COOH

(1)

at which a detectable increase in fluidity
occurs. The motional characteristics of
fatty acid spin labels incorporated into
lipid vesicles can give a measure of the
fluidity of the lipid hydrocarbon chains,
quantitatively expressed as an order pa-
rameter (16). The order parameter of these
probes has been demonstrated to be sensi-
tive to the ordering effects of cholesterol
(17) and decrease in temperature (18). In a
similar study Trudell et al. (11) found that
high concentrations of anesthetics in-
creased the fluidity of lipid bilayer vesicles
in a linear fashion while pressure de-
creased the fluidity. However, the effects
of anesthetic concentrations which pro-
duce general anesthesia [5 mmoles of an-
esthetic per liter of lipid (19)] were not
examined.

The results presented in this paper show
that anesthetics, at concentrations which
cause narcosis and block nerve conduction,
do not have a detectable effect on lipid
fluidity. These results should permit a re-
evaluation of the fluidization theories. In
the following paper (9) we present results
showing that pressure enhances the effects
of a spin label local anesthetic on nerve
conduction and argue that a mechanism
by which anesthetics directly induce pro-
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tein conformation changes is required in
order to account for the diverse effects of
pressure on the anesthetized state.

METHODS

The fatty acid spin labels were prepared
according to Hubbell and McConnell (16)
and Waggoner et al. (20). 2,2,6,6-Tetra-
methylpiperidine-1-oxyl was prepared as
described (21). Egg phosphatidylcholine
was purchased from Pierce Chemical Com-
pany. Cholesterol was recrystallized in
methanol (m.p. 140.5°). Halothane was ob-
tained from Ayerst Laboratories (Mon-
treal), and butanol, benzyl alcohol, chloro-
form, and diethyl ether, from Fisher Scien-
tific Company (Toronto).

Preparation of lipid vesicles. A chloro-
form solution of the lipids, and fatty acid
spin label when used, was evaporated, and
a phosphate buffer, containing 0.15 M
NaCl at pH 7.2 and the appropriate drug
concentration, was added. For the
TEMPO* partition coefficient measure-
ments buffer containing 0.2 mm TEMPO
was used. The lipid to doxyl fatty acid ratio
was approximately 150:1. Lipid vesicles
were prepared by hand dispersion of the
lipid in buffer.

Drug effect. In order to measure the ef-
fect of the anesthetics on the order parame-
ter, a stock solution of lipid vesicles was
prepared containing 4.5 mg of lipid per 0.1
ml of buffer. Samples of 0.25 ml each (11.3
mg of lipid) were placed in disposable Pas-
teur pipettes with one end sealed. The sam-
ples were cooled in ice, the appropriate
volume of drug was added, and the other
end was sealed.

In the case of benzyl alcohol, the sam-
ples were titrated with 200 mM benzyl alco-
hol in the concentration range up to 36
mM, and with pure benzyl alcohol in the
concentration range 50-300 mM. The con-
centrations were corrected for dilution.
For measurement of the effect of benzyl
alcohol on the TEMPO partition coeffi-
cient, the samples were titrated only with
pure benzyl alcohol in the range 20-300
mM to minimize the effects of dilution. In
the case of halothane the samples were

4 The abbreviation used is: TEMPO, 2,2,6,6-tetra-
methylpiperidine-1-oxyl.
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titrated with 15 mM halothane in the
range up to 3.6 mm, and with pure halo-
thane in the range 7.5-30 mm. For chloro-
form the samples were titrated with 40 mm
chloroform in the range up to 8 mm, and
with pure chloroform in the range 20-60
mM. For ether the samples were titrated
with 200 mM ether in the range up to 33
mM, and with pure ether in the range 20-
735 mM. For butanol the samples were
titrated with pure butanol in the entire
concentration range. The drug solutions
were made up 1-2 hr before use in 20-ml
scintillation vials and placed in a sonicat-
ing bath to facilitate dispersal of the drug.
For the titration 1-ul, 10-ul, and 50-ul
Hamilton syringes were used.

The samples were then mixed on a Vor-
tex mixer, allowed to equilibrate at room
temperature overnight, and shaken to the
small-diameter ends of the Pasteur pi-
pettes, and the spectra were measured.
Spectra measured after equilibration for 3
hr and overnight were identical in the case
of halothane.

Effect of pressure. In order to examine
the effects of pressure on the order parame-
ter, the lipid vesicles were placed in a
thick-walled quartz cell (outer diameter,
10 mm; inner diameter, 1.0 mm) connected
to a pressure gauge and a helium tank
(99.9%) containing 2200 psi. The helium
tank was from Matheson of Canada, Ltd.
The pipettes were opened and the samples
quickly transferred to the pressure cell,
and the spectra were immediately meas-
ured to avoid loss of drug by evaporation.

Measurement of ESR spectra. All spec-
tra were recorded at room temperature on
a Varian X-band E-6 ESR spectrometer.
The temperature was controlled by a flow
of air through the cavity at room tempera-
ture.

Analysis of data. Repetition of the exper-
iments gave similar results, although the
order parameter S for the entire curve
could be shifted by approximately +0.04
for different vesicle preparations as a re-
sult of slight variations in the amount of
cholesterol. Therefore the same stock solu-
tion of vesicles was used for each drug.
Different control samples from this stock
solution gave identical spectra. Although
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the error in measurement of S is +0.01,
because of inaccuracy in manually measur-
ing the hyperfine splitting as shown in
Fig. 1, the spectra could be superimposed
and examined to determine whether there
was actually any change in hyperfine split-
ting. Thus, in the concentration regions of
Figs. 2-6, where S is plotted as constant,
the spectra were identical even though
small variations in S were measured. No
change in the spectra was observed by su-
perimposition until the concentrations
where S is plotted on the linear portions of
the figures. Repeated measurement of the
ESR spectrum on a single sample gave
identical spectra.

The data were plotted on a linear dose-
response curve and analyzed using a lin-
ear regression program with a Hewlett
Packard 9810A calculator to fit to a
straight line the points at which an in-
crease in S was detected, by using as the
initial point either (a) the control S at zero
concentration or (b) the control S at the
highest concentration at which no detecta-
ble change occurred. The value of S for the
control was obtained by averaging the val-
ues in the concentration region where no
change in the spectrum was detected. The
standard deviations were 0.001-0.004. The
standard deviations and correlation coeffi-
cients for the two methods of linearizing
the data are given in Table 1. There was
little difference in the goodness of fit be-
tween the two methods. Therefore the
curves in Figs. 2-6 were drawn according
to the second method and the lines were
extrapolated back to zero and compared
with the control values for S.

RESULTS

Figure 1 shows the resonance spectra of
1(7,6) (8-doxylpalmitic acid) in phosphati-
dylcholine-cholesterol (molar ratio, 1:1)
vesicles in the presence and absence of 300
mM benzyl alcohol. An empirical order pa-
rameter can be obtained from the hyper-
fine splittings T', and T",:

_rn-T
§= Tzz - T.r.r

where T',, = 32 G and T, = 6 G are the
nitroxide hyperfine tensors (16). S has a
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SITE AND MECHANISM OF ANESTHETIC ACTION. I

maximum value of 1 for perfect order; as
the fluidity increases S decreases.

By locating the nitroxide group at differ-
ent positions along the fatty acid chain,
different regions of the bilayer can be
probed. In Fig. 2 the effects of benzyl alco-
hol on the order parameters of 1(10,3) (5-
doxylpalmitate), 1(7,6) (8-doxylpalmitate),
and 1(5,10) (12-doxylstearate) are com-

F1G. 1. ESR spectra of 8-doxylpalmitate in, phos-
phatidylcholine-cholesterol (molar ratio, 1:1) vesi-
cles in the presence (——) and absence (- - -) of 300
mM benzyl alcohol

2T} and 2T{ were measured as indicated.

0.80 -

0.50 -
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pared. Benzyl alcohol had no detectable
effect on the order parameter until a con-
centration of 20-30 mMm was reached. The
concentration at which benzyl alcohol
blocks nerve conduction for rat phrenic
nerve is 4 mM, and for frog sciatic nerve,
12 mM (22). The concentration at which a
decrease in S began was similar for all
three spin labels. Thus it did not depend
on the location of the probe within the
hydrocarbon region of the bilayer. Phos-
phatidylcholine vesicles without choles-
terol were also examined, but the changes
in S were even smaller. The effect of pres-
sure is shown for 8-doxylpalmitate. A pres-
sure of 130 atm increased S by 0.02 + 0.005
at all anesthetic concentrations and for the
control vesicles.

The effect of benzyl alcohol and pressure
on the partition coefficient of the water-
soluble, lipophilic spin label TEMPO was
also examined. Benzyl alcohol had no ef-
fect on the partition coefficient at concen-
trations below 100 mmM for both phosphati-
dylcholine and phosphatidylcholine-choles-
terol vesicles. Pressure decreased the dis-
tribution between membrane and aqueous
phase by the same amount whether or not

1 1 1 -}

040 v L L
100

200

Benzyl Alcohol (mM)

F1G. 2. Effect of benzyl alcohol on order parameter S of 5-doxylpalmitate (upper), 8-doxylpalmitate (mid-
dle), and 12-doxylstearate (lower) in phosphatidylcholine-cholesterol vesicles

The effect of 130 atm pressure on the order parameter of 8-doxylpalmitate is shown as the dashed line. The
arrows indicate the concentrations which block frog sciatic nerve. As T'f and T'{ for 12-doxylstearate at high
benzyl alcohol concentrations could not be resolved, S could not be calculated.
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anesthetic was present.

Since the order parameter seemed to be
more sensitive to the effect of anesthetic
than the partition coefficient of TEMPO,
only the effect of increasing drug concen-
tration on the order parameter was exam-
ined for the other anesthetics. Figure 3
shows that halothane had no detectable
effect on the order parameters of 8-doxyl-
palmitate and 12-doxylstearate at concen-
trations below 2.0-3.6 mmM.

e
070t ce- -
T --e
1
0.60 -
S 'r\' el
NG
0.50 |
S~
A 1 1 J
040, 5 0 26 30

Halothane (mM]

Fi1G. 3. Effect of halothane at 1 atm (—) and 130
atm pressure (- - -) on order parameter S of 8-doxyl-
palmitate (upper curve) and 12-doxylstearate (lower
curve) in phosphatidylcholine-cholesterol vesicles

The arrows indicate the concentrations which pro-
duce general and local anesthesia.

0.80
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0.60 -

0.50 L L A
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Both probes were affected at the same
concentration. The concentration required
for general anesthesia is 0.4 mm (13),
while that which blocks frog sciatic nerve
conduction is 5 mM (19). Using the parti-
tion coefficient between lipid and aqueous
phase, P = 19 * 4, determined by Trudell
et al. (11), an aqueous concentration of 3.6
mM corresponds to 0.068 mole of halothane
per liter of lipid. Thus the small decrease
in S seen at 3.6 mmM halothane is consist-
ent with the decrease seen at 0.061 mole of
halothane per liter of lipid by Trudell et al.
(11, 12). As with benzyl alcohol, a pressure
of 130 atm increased the order parameter
by 0.02 + 0.005 for both probes regardless
of the halothane concentration. Benzyl al-
cohol had its greatest effect on the probes
closer to the polar head group region,
while the less polar halothane had a
greater effect on the probe deeper in the
hydrocarbon region. This may reflect the
specific location of these anesthetic mole-
cules dissolved in the bilayer.

Butanol had no effect on the order pa-
rameter of 8-doxylpalmitate at concentra-
tions below 70-90 mmM (F'ig. 4). The concen-
tration of butanol required for general an-
esthesia is 17 mmM (13), while that required
for nerve block is 68 nM (24). Ether and
chloroform had no detectable effect on the
order parameter until concentrations of 40
mM for ether (Fig. 5) and 8 mm for chloro-
form (Fig. 6). This is higher than the con-

200

Butanol

(mM)

FiG. 4. Effect of butanol on order parameter S of 8-doxylpalmitate in phosphatidylcholine-cholesterol

vesicles

The arrows indicate the concentrations which produce general and local anesthesia.



SITE AND MECHANISM OF ANESTHETIC ACTION. I

centrations required for general anesthe-
sia and nerve conduction block by chloro-
form and for general anesthesia by ether
(see Table 2).

As shown in Table 1, there is a signifi-
cant difference between the extrapolated
value for S and the control value only in
the case of butanol and benzyl alcohol for
the probe 8-doxylpalmitate. For the other
anesthetics and spin labels, the data can
be fitted as well or slightly better by a
linear curve through zero concentration.
Therefore the fluidity may increase lin-
early with increasing anesthetic concentra-
tion. Assuming a linear relationship be-
tween S and anesthetic concentration, the
decrease in S predicted at the local anes-

0.70 {#e

0.60 |- \
J
N~
0.50
1 - i 1 L 1 1 —
/] 00 200 400 600 800

Ether ImM)

Fi1c. 5. Effect of diethyl ether on order parameter
S of 8-doxylpalmitate in phosphatidylcholine-choles-
terol vesicles

The arrows indicate the concentrations which pro-
duce general and local anesthesia.

0.70 -

0.60
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thetic concentrations was calculated and is
shown in Table 1. The decrease in S would
be, for most anesthetics, less than 0.005.
Such small changes would not be detect-
able by this technique.

DISCUSSION

The concentration of anesthetic at which
a detectable increase in lipid fluidity oc-
curred was much higher than that which
produced general anesthesia, and in most
cases was higher than that which blocks
nerve conduction. Indeed, the concentra-
tions at which significant increases in
fluidity did occur correspond more closely
to those causing lysis of erythrocyte ghosts
(Table 2), in agreement with a previous
ESR study of alcohols on lipid bilayers (14;
reproduced in ref. 19). The mechanism of
such a poisonous effect may well be differ-
ent from that which causes anesthesia.

It is not possible to distinguish between
the conclusion drawn from other studies of
anesthetics in model systems, that there is
a linear increase in fluidity with concentra-
tion, and the idea that there is a threshold
below which no change occurs. This must
be studied by a more sensitive technique
than has been applied to anesthetic-mem-
brane interactions. However, even if the
effect is linear, the increase in fluidity pro-
duced by clinical concentrations would be
extremely small. Such small increases in
fluidity could not account for the large in-
creases in volume of synaptosome and
erythrocyte membranes produced by anes-

0.50 1 1 L s 1
o

Chloroform

(mM)

F1G. 6. Effect of chloroform on order parameter S of 8-doxylpalmitate in phosphatidylcholine-cholesterol

vesicles

The arrows indicate the concentrations which produce general and local anesthesia.
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TABLE 2
Comparison of drug concentrations which cause general and local anesthesia, cell lysis, and decrease in order
parameter S
Anesthetic 50% loss of right- Complete block of Minimum de- Lysis of erythro-
ing reflex in frog sciatic nerve crease in S cytes
newt?
mM mM mM mM
Benzyl alcohol 20* 20-30 85°
1-Butanol 17 684 70-90 300°
Ether ~ 25 50° 40-60 600/
Chloroform 0.90 5° 8-10
Halothane 0.4 5° 2-4 14/
o Ref. 13. ®Ref. 19. “ Ref. 23. ¢ Ref. 24. © Ref. 25. ’ Ref. 26.

thetics. This expansion is of the order of
0.5-0.6% at general anesthetic concentra-
tions and 3-6% at local anesthetic concen-
trations (19). Anesthetic-induced phase
transitions of a lipid at a temperature just
below its transition temperature, as sug-
gested by Trudell et al. (15), would amplify
the effect of low anesthetic concentrations.
However, even such a drastic change in
lipid fluidity as the phase transition from a
gel to liquid crystalline phase, which
causes an abrupt decrease in S of 0.10 (16),
is accompanied by an expansion in lipid
volume of only 1.4% (27). The lack of fluid-
ization found in this study is consistent
with the finding of Seeman (28) that clini-
cal concentrations of ethanol expand lipid
bilayer vesicles by only 0.01% and 0.3% at
general and local concentrations, respec-
tively.

It is possible that the small increase in
fluidity predicted at clinical anesthetic con-
centrations could be responsible for the
small increases in permeability of phospho-
lipid-cholesterol liposomes found by John-
son, Miller, and Bangham (13) at similar
anesthetic concentrations. Alternatively,
the permeability increase may be due to
some action of the anesthetics at the polar
head group region, which was not studied
in the present work. Such an effect would
be unlikely to result in significant volume
changes.

The increase in order parameter pro-
duced by pressure is much larger than the
decrease predicted to occur with clinical
concentrations of anesthetics. Therefore
pressures much less than 100 atm would be
sufficient to counteract such small in-

creases in fluidity. Furthermore, accord-
ing to the critical volume hypothesis, the
pressure required to remove the effects of
an anesthetic should be directly propor-
tional to the dose of the anesthetic agent.
Yet similar pressures of 100-150 atm re-
verse both narcosis in animals and nerve
conduction block (3, 4, 6), even though the
concentration required to block nerve con-
duction is about 2-10 times greater for
most neutral anesthetics (19). A mecha-
nism for anesthesia by which fluidity in-
creases linearly with concentration cannot
accommodate these pressure results unless
one postulates great differences in the par-
tition coefficient of the drug in the mem-
brane sites responsible for general and lo-
cal anesthesia. However, for vesicles of
phosphatidylcholine without cholesterol,
in which the anesthetics would have a
larger partition coefficient, the increase in
fluidity produced was even less than that
in phosphatidylcholine-cholesterol vesi-
cles.

Since lipid bilayer fluidization is insig-
nificant at clinical anesthetic concentra-
tions and could not cause the observed ex-
pansion of membranes, while the pressure
effects on fluidization do not correlate with
the pressure effects on the anesthetized
state, this simple mechanism is unlikely to
be the mechanism of anesthesia. It is possi-
ble that the observed expansion of mem-
branes is not relevant to the mechanism of
anesthesia. However, the link between
pressure counteraction of a volume in-
crease at some site in the membrane and
pressure reversal of anesthesia seems to be
significant. Lipid bilayers of this sort may
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not be an adequate model for the lipid
region of nerve membranes. Complex
lipids are present in these membranes
which could conceivably undergo phase
transitions to a nonlamellar phase upon
interaction with drugs or ions, resulting
in volume changes of the magnitude ob-
served, and which could respond to pres-
sure in various ways. However, no such
behavior has yet been demonstrated, and
no model system for the lipid region of
membranes which can undergo such func-
tional dynamic changes has been devel-
oped. Another mechanism which could ac-
count for the large volume changes as well
as the diverse pressure effects is that of
anesthetic-induced protein conformation
change. A highly lipid-soluble molecule
would also be able to interact hydrophobi-
cally with apolar sites on proteins. There
is evidence that low concentrations of anes-
thetics and pressure can induce conforma-
tion changes in proteins. A discussion of
the possibility of protein as the primary
site of anesthetic action is presented in the
following paper (9).
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