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SUMMARY

MILLER, KEITH W., WIi.soN, MICHAEL W. & SMITH, RAYMOND A. (1978) Pressure
resolves two sites of action for inert gases. Mol. Pharmacol., 14, 950-959.

The effect of pressure upon the potency of two pharmacological effects of inert gases has
been studied in mice. In one series of experiments the effect of high pressures of helium
on the anesthetic potency of nitrogen, argon, nitrous oxide, carbon tetrafluoride and

sulfur hexafluoride was studied up to pressures of 183 atm. Pressure increased the EDse
for loss of righting reflexes by 36% at 100 atm on average. In the other experiments we
measured the ability of these inert gases to raise the EDro pressure at which pressure-

induced hyperexcitability (spasms) was observed. Subanesthetic partial pressures of all
the gases raised the ED�,o pressure for spasms significantly. These data were used to test

the two hypotheses that anesthesia results when anesthetics expand some hydrophobic
phase by a critical amount, while the hyperexcitabiity occurs when pressure reduces the
volume of some hydrophobic phase by a critical amount (the critical volume hypothesis).

Theoretical calculations show that both sets of data are consistent with their respective
hypotheses. The site at which the inert gases exert their anti-hyperexcitabiity effect is
much more compressible and has a slightly lower solubiity parameter than the site for

anesthesia.

INTRODUCTION

The traditional lipid solubiity theories of

general anesthetic action (1, 2) have had to
be modified in recent years to account for
the remarkable antagonism of general an-
esthesia by pressure per se (3, 4). The cur-
rently accepted form of the lipid theory is
the critical volume hypothesis, which states
that anesthesia occurs when the volume of

a hydrophobic region is caused to expand
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beyond a certain critical volume by the

absorption of molecules of an inert sub-

stance. Pressure opposes this volume
change and so reverses the anesthesia (5).
This hypothesis has been shown to be
quantitatively consistent with pressure re-
versal data for a number of anesthetics in
newts (5). Pressure reversal also has been
demonstrated for a variety of agents in
tadpoles (6) and for conduction block in the
squid giant axon (7, 8). The question then
arises whether the critical volume hypoth-
esis describes a general mechanism of an-
esthetic action which may occur at different
sites of action within neural tissue, and if
so whether the physical parameters re-
quired to describe such sites will vary from
site to site. In this paper we have examined
the interaction between unreactive gases
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and pressure in mice when the gases act
either as general anesthetics or as agents
which ameliorate the high pressure neuro-

logical syndrome (9). By a suitable choice

of gases, specifically the inclusion of fully
fluorinated compounds (10), we show that
these two pharmacological properties of the
gases are mediated by a hydrophobic site
or sites with rather similar solvent proper-
ties. However, the isothermal compressibil-

ity parameter, which describes the varia-
tion of pharmacological potency with pres-
sure, differs by half an order of magnitude

for these two sites. Thus, we have differ-
entiated two pharmacological sites of action
of inert gases in a single species of mammal

on the basis of the effects of pressure. A
preliminary analysis of available data had
previously shown this to be the case when
different species of mice were involved ( I 1),
although this conclusion was questionable
because insufficient data were then availa-

ble to define the solvent properties of the
site of action. In a number of other studies
sites of action of volatile agents have been

distinguished on the basis of solvent prop-
erties (2, 12).

The application of the critical volume

hypothesis to the high pressure neurologi-
cal syndrome has been proposed previously
(11). It states that the high pressure neu-
rological syndrome occurs when some by-
drophobic region has been compressed be-
yond a critical amount by the application

of pressure. Absorption of an inert gas will
cause an expansion which compensates for
such compression and raises the threshold
pressure for symptoms. The high pressure
neurological syndrome is a complex of
symptoms that are observed when mam-

mals are compressed either hydraulically
(13, 14) or in helium-oxygen atmospheres
(15). At moderate pressure it manifests it-

self as tremor of the limbs but as the pres-
sure is further raised rhythmic spasms,
clonic, and then tonic convulsions occur. In

this paper we consider the effect of inert
gases on the threshold pressure for spasms,
which is one of the earliest objectively de-
finable end points. (The tremors which oc-
cur at lower pressure were too difficult’to
distinguish from the fasciculation caused
by moderate doses of anesthetics.)

METHODS

Male CD-i mice (Charles River) weigh-
ing 20-30 g were used in all experiments.
Measurements of anesthetic potency were

performed in a 34 liter steel hyperbaric
chamber equipped with two large windows,
a temperature control system and moisture
and carbon dioxide scrubbers. Complete de-
tails have been published previously (16).

The level of anesthesia was determined

by testing the ability of each mouse to
remain upright when its cylindrical wire
mesh cage was rotated at 4 rpm for five
complete revolutions; a score between 0 and
5 was assigned (16). A group of seven mice
was exposed at each window. Two addi-

tional mice with rectal thermistors were
placed between these groups, and the
chamber temperature adjusted to maintain
rectal temperature at 37 ± 1#{176}C.The partial
pressure of oxygen was maintained in the
range of 0.3 to 1.0 atm.

Mice were examined for the high pres-
sure neurological syndrome in separate ex-
periments. Two groups of five mice were
used in each experiment, together with two

additional rectal temperature controls.
After addition of the anesthetic gas, helium

was admitted to the chamber at a constant
compression rate of 60 atm per hour and
the animals continuously monitored for the
symptoms of the high pressure neurological
syndrome. Complete spasms were defined
as rhythmic tensing and relaxing of all mus-

cle groups but not of sufficient severity to
cause the animal to lose its upright posture
(17). These spasms generally were observed

to appear after the onset of coarse whole
body tremors but before generalized clonic
convulsions involving loss of upright pos-

ture (15, 17).

During the anesthesia experiments the
number of mice responding was determined

as a function of anesthetic partial pressure
at a series of given total pressures. At each
total pressure a dose response curve was

obtained and analyzed on a digital calcula-
tor using the method of Waud for quanta!
responses (18). Since each animal was used
at several doses on each curve, the number
of animals at each dose was weighted so
that the sum for all doses equalled the
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number of animals actually employed.
Pressure-response curves for the high pres-
sure neurological syndrome were obtained
for each gas mixture and analyzed as above,
but since each animal responded once only
weighting was unnecessary. In about half of

these experiments complete spasms were
not observed in all animals, but all the
animals were included in the cumulative
pressure-response curve in order to avoid
biasing the analysis with the most suscep-
tible animals.

Helium (99.995% pure) and nitrous oxide
(98%) were obtained from Ohio Medical
Products, Wisconsin; nitrogen (99.9%) and
oxygen (99.6%) were from Medical Techni-
cal Gases, Massachusetts; argon (99.995%)
and sulfur hexafluoride (99.8%) were from

Matheson Gas Products, New Jersey; and
hexafluoroethane (99.6%) and carbon tetra-
fluoride (99.7%) were from Dupont-de-
Nemours El and Co., Delaware.

Experimental

RESULTS

ED� values for the loss of righting reflex
in mice are listed in Table 1 with their
standard errors and scale parameters which
provide a measure of the slope of the dose

response curves (18). Some of the data for
nitrogen and argon have been published
previously by us but are reproduced here
for completeness (16). The EDr,o’s in the

absence of helium agree well with earlier
data (19, 20). The value for carbon tetra-

fluoride is higher than that obtained under
less well controlled conditions (19), while
that for nitrous oxide is lower than most
(19-21), but not all (22), literature values.
Sulfur hexafluoride exhibited a low thera-

peutic index and it was impossible to obtain
meaningful results unless some helium was
added. However, the value obtained agrees
closely with previous work (20). Similarly,
hexafluoroethane caused marked respira-
tory distress. By increasing the partial pres-
sure of oxygen to two atmospheres and
lowering the rectal temperature by 0.5#{176}C,
we determined an EDr,o close to that re-
ported by Miller et al. (20).

There were no consistent and significant
trends in the slopes of the dose-response

Varia

r

tion ofED� values for the loss ofright

eflex in mice as a function of pressure

ing

Anes- Total ED,,, ± SE Scale parame- N

thetic pressure tsr ± SE

atm atm

N20 2.2 1.22 ± 0.048 -9 ± 4.0

30 1.32 ± 0.033 -17 ± 6.6

40 1.35±0.022 -22±6.3

50 1.30±0.074 -9±4.3

80 1.61±0.059 -12±5.3

90 1.61±0.038 -17±5.8

56

56

70

70

41

41

N2 40� 38.9 ± 0.94 -12 ± 3.8

81 45.8±0.68 -30±14

101 47± 1.1 -20± 11

12P 48.9±0.52 -50±20

141 50.4 ± 0.93 -26 ± 9.7

63

26

26

26

26

Ar 19� 18.1 ± 0.67 -11 ± 4.6

81* 21.4±0.78 -14±8.7

124k 24.2±0.59 -32±16

128 26±1.6 -11±7

131 23.7±0.77 -20±11

183 27.1 ± 0.67 -25 ± 15

35

17

14

14

17

14

CF4 27 26 ± 1.0 -12 ± 5.2

60 30±1.4 -10±6.7

99 33±1.2 -20±11

140 35±2.9 -11± 13.3

26

26

14

12

SF6 12 5.58 ± 0.086 -16 ± 3.1

20 6.08 ± 0.072 -29 ± 6.5

40 6.42 ± 0.11 -19 ± 6.8

50 6.6 ± 0.08 -28 ± 10.4

60 6.5 ± 0.16 -15 ± 19.3

70 6.8 ± 0.1 1 -21 ± 8.5

119

80

47

48

33

43

C2F6 23 17.1±0.39 -11±3.2 84

a Data previously reported (16).

curves with increasing pressure (Table 1).
This contrasts with intravenous anes-

thetics, where a small but significant in-
crease in slope with pressure has been re-
ported (16). Comparison of the EDr,o at one
atmosphere (extrapolated where necessary)

to that at 100 atm reveals the following
percentage increases: N2 33; CF4 34; Ar 33;
SF� 36; N2O 42. These values agree closely
with those obtained independently for N2O,
N2 and Ar (21, 23). For each agent plots of
ED� as a function of pressure were linear,
and introduction of a quadratic term in the

regression gave no significant improvement

in fit (F-test).
Pressure per se causes marked effects

above about 140 atm (13-15); consequently
most of our measurements were obtained
at lower pressures. With the densest gases



TABLE 2

PRESSURE EFFECTS ON INERT GASES 953

studied (SF1, and C2F6), the stress of the

hyperbaric environment further limited the
accessible pressure range (Table 1). In the
case of argon, however, by using slow
compression rates we were able to demon-
strate pressure reversal at pressures up to
183 atm. Thus, although the hyperbaric

environment undoubtedly introduces sig-
nificant problems in mammalian studies,
necessitating close control of environmen-
tal conditions, satisfactory quantitative
data are obtainable and reproducibility be-

tween laboratories is fair (21, 23). The com-

plete spasms threshold pressures are given
in Table 2. The threshold pressure in he-
hum was found to be 83 ± 2.5 (SE) atm,
and all the other gases elevated this thresh-

old significantly at doses which were well
below those required to cause anesthesia at

these pressures. In control experiments
without anesthetic, 17% of the animals ex-
hibited the more severe symptoms of the
high pressure neurological syndrome, such

as clonic and tonic convulsions, without
proceeding through a complete spasm

phase. This partly reflects the small pres-
sure increments occurring between succes-
sive phases of the syndrome; for example,
the EDr,�)’5 for clonic and tonic convulsions
were 88 ± 1.4 and 96 ± 3.4 atm. The pro-
portion of animals with complete spasms is

indicated in Table 2.
Our data for clonic convulsions agree well

with a value of 89 atm reported by Brauer
(24) for CD-i mice compressed at 60 atm
per hour. This threshold pressure is some-
what dependent on compression rate, vary-

ing from 103 atm at 10 atm hr ‘ to 86 atm
at 100 atm hr� (24). In our work, therefore,
the compression rate was kept constant
within ±2%. Only one complete spasm
threshold has been reported in CD-i mice:
this value of 87 atm was obtained at a
compression rate of 60 atm hr’ (17).

Theoretical Analysis of Data

It is not possible to account fully for
pressure reversal of anesthesia by addition
to either the Meyer-Overton (1) or Muilins
(2) hypothesis of a term which takes into
account the dependence of the lipid solu-

biity of the anesthetic on pressure (5). The
original Mullins formulation was stated in

Median pressures for the appearance of complete

body spasms in mice breathing helium-oxygen and

helium-oxygen-anesthetic gas mixtures

Anesthetic gas ED�o ± SE Scale param- No. respond-
eter ± SE ing/total no.

atm

None 83 ± 2.5 12 ± 3.5 33/40

0.1 atm N2O 90 ± 6.3 11 ± 7.5 9/10

0.2 atm N20 103 ± 8.3 8 ± 8.0 6/10

0.4 atm N20 99 ± 2.0 9 ± 6.9 9/10

0.8 atm N20 100 ± 1.5 23 ± 18.0 10/10

1.5 atm N20 120 ± 1.3 13 ± 8.4 10/10

3 atm N2 88 ± 4.0 17 ± 16.0 8/10

l5atmN2 110±3.0 30±21.0 10/10

3OatmN2 112±6.6 13±9.4 10/10

45 atm N2 120 ± 5.1 20 ± 13.0 9/9

3 atm Ar 95 ± 4.0 20 ± 12.0 10/10

8 atm Ar 108 ± 6.9 12 ± 9.1 8/10

l8atmAr 129±3.6 29±23.0 10/10

3 atm CF4 86 ± 3.3 21 ± 16.0 10/10

10 atm CF4 88 ± 3.8 19 ± 13.0 10/10

17.2 atm CF4 137 ± 10.6 10 ± 8.5 7/10

25 atm CF4 115 ± 6.2 17 ± 18.0 6/10

0.2 atm SF6 91 ± 6.5 11 ± 9.1 7/10

0.4 atm SF6 89 ± 6.7 10 ± 7.8 9/10

1.0 atm SF6 83 ± 9.9 9 ± 7.2 10/10

2.5 atm SF6 87 ± 8.5 8 ± 5.2 10/10

terms of volume occlusion of free space in
membranes. Although such a mechanism is
now known to occur in a number of cases

of cytoplasmic protein-anesthetic interac-
tions (25, 26), it is not clear how it can
account for the pressure reversal of anes-
thesia (2). If the formulation is restated in
terms of the membrane expansion which
has been shown more recently (27-29) to be

caused by small hydrophobic molecules,
then pressure reversal is readily accounted
for by adding a term for the isothermal
compressibility ($) of the membrane (5).
This critical volume hypothesis of anes-

thetic action, which we have defined pre-
viously (5), may be written down in its most

general form as

�vc=� Z�VI-f3PT (1)
1-1

Where � V� is the volume change which is

associated with anesthesia (or any other
end point), � V, is the expansion caused
when the ith anesthetic dissolves in the

hydrophobic region and Pr is the total me-

chanical pressure.
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Equation (1) may also be used to formu- power of a solvent in terms of a solubility

late the critical volume hypothesis applied parameter, S, which is defined as
to the high pressure neurological syndrome
(11). In our case � V, will be the volume (3)
change at which complete spasms are ob-
served. Since these may be produced by where t�E� is the heat of vaporization of the
hydraulic compression of mice in oxygen- solvent at constant volume and V,,, is its
ated fluorinated hydrocarbon solvents ( 13, molar volume. Strictly speaking, equation
14) (when � V, = 0), it is evident that this (3) applies only to nonpolar solvents and to
syndrome is accompanied by a negative solutes and solvents of equal molecular size.

volume change since under these conditions However, in practice semiquantitative
equation ( 1 ) reduces to agreement is found over a wider range of

(2) situations (30). Sufficient solubility data

were available to carry out such calcula-

tions for six solvents, including water which
was not included in the final analysis be-
cause of its high polarity. The analysis of
the deviations of the fluorocarbons, which
is described below, differs somewhat from

that used before (20) since we wished to
apply it to our data obtained at all pres-
sures. For each ED�,o at a given pressure

(Pr) in Tables 1 and 2, i� V, may be calcu-
lated for each gas at a partial pressure, P�,

in each solvent since (5)

�vc = -/3PT

Since all gases, including helium, contrib-
ute positively to i� V,, it follows that for
helium the term (� VH� - f�PHe) must be
less than zero both at the anesthetic site

and at the site mediating complete spasms.
If this were not so the model would predict

helium to be anesthetic and the high pres-
sure neurological syndrome would not be
observed in helium-oxygen atmospheres.

In order to perform a quantitative test of
these two versions of the critical volume
hypothesis it is necessary to know the phys-

ical parameters of the sites of action which
are required to solve equation ( 1 ) in each
case. Since the sites of action are not iden-
tified this is not possible, but it is well

known that certain apolar solvents provide
good models of the anesthetic site. It is

possible that such solvents might also pro-
vide a suitable model for the site associated
with complete spasms (i 1).

Choice of Solvent Models for Anesthesia

and Complete Spasms

It is possible to choose objectively the
best solvent model of a site of action of
inert gases if pharmacological data are
available for some fully fluorinated gases

(10, 19, 20). This procedure is based on the
observation that when a set of nonpolar

solvents of graded solvent power are com-
pared it is found that fully fluorinated gases
deviate systematically, depending on so!-
vent power, from the correlations always

observed for the nonfluorinated gases. By
minimizing these deviations the solvent

power of the site of action may be defined
objectively.

Hildebrand (30) defined the solvent

(4)

where, V, is the partial molar volume of the

gas in the solvent, X, is its mole fraction
solubility at a partial pressure of one at-
mosphere, and Vm �5 the molar volume of

the solvent. Corrections must be made to
equation (4) to account for the non-ideal
behavior of gases and for the dependence
of X, upon total pressure (5). These correc-
tions reduced the value of � V, calculated
by equation (4). In general such corrections

lay in the range of 10-20%, but in a few
cases are in the range 50-60%. Sources of
the physical parameters used in these cal-
culations are given in the appendix.

L� 1/, in equation (1) was calculated for
each datum in Tables 1 and 2 and plotted

against PT (equation 2). A solvent which
ideally represented one of the sites of action
should yield a linear plot with a slope of $,

the compressibility, and an intercept of� V�.
Each gas gave such a line; those for nitrous
oxide, nitrogen and argon were essentially

co-linear in all solvents, while those for
sulfur hexafluonde and carbon tetrafluoride
were above the other gases at low solubiity
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parameter and below at high solubility pa-
rameter (Fig. 1). Hexafluoroethane was not
included in this analysis because there are

-5o� 00 50

Total Pressure - Atrnos#{216}�res

FIG. 1. Plots of the calculated expansion caused

by EDr,o doses of anesthetics with helium (E� 1’9 at

various pressures

The expansion has been normalized to the intercept

for the inert gases, (� Va,), for comparative purposes.

Key: N2 0; Ar 0’, N20 z�; CF4 U and SF5 #{149}.For the

fluorinated solvents (A) 6 = 6, for carbon disulfide (B)

6 = 10.0 and for water (C) #{244}� 23. Note that the

ordinates of each figure are plotted with a different

scale. Values of � V, - V�i/I�� V1 + � V�) (see text) in

each solvent for anesthesia and complete spasms re-

spectively were: fluorinated solvents 0.75 and 0.76;

cyclohexane (8 = 8.2) 0.39 and 0.09; benzene (6 � 9.2)

0.24 and 0.05; carbon disulfide 0.08 and 0.01 and oc-

tanol (� = 10.3) 0.10 and 0.02.

insufficient solubility data. To quantify
these deviations of the fluorinated gases a
straight line was fitted through the non-
fluorinated gases to yield an intercept
(i� V�1). A parallel line was fitted to the data
for the fluorinated gases to yield a second

intercept (i� Vi). For each solvent the
expression (� V, - � V�1)/(� V1 + � V� was
plotted against the solubility parameter, 6.
Linear regression yielded zero deviation at
6 (anesthesia) = 10.8 ± 0.15 (SD) and 6

(complete spasm) = 9.8 ± 0.40 (p = 0.001)

(Cal/cm3)’�2. The complete spasms site is
thus a slightly better solvent (lower 6) than
the anesthetic site. However, such small
differences in solubility parameter should

be regarded with reservation because the
analysis is critically dependent on the fluor-
mated gases with which the experimental
difficulties are greatest. Thus a previous
analysis with poorer data for carbon tetra-
fluoride yielded 6 (anesthesia) = 10 (20).

Results of the Critical Volume Hypothesis

Analysis

The actual solvents which most closely
represent the solubility parameters defined
above are octanol (6 = 10.3) and carbon
disulfide (6 = 10.0). We have chosen the
latter for detailed consideration since the

requisite physical properties have been bet-
ter defined. We have also considered olive
oil both because of its historical importance

and because its molar volume is closer to
that of membrane components such as

phospholipids. The absolute values of � V,

given by it should thus be more realistic
than those given by carbon disulfide. The
results obtained by calculating L� V, (equa-
tion (4)) for all the data in Tables 1 and 2
and analyzing them according to equation
(1) are given in Table 3 and in Fig. 2. The

parameters obtained for the two sites of
action are not grossly dependent on the
solvent model, although as expected the
volume changes predicted by olive oil are
less marked than those predicted by carbon
disulfide. In fact the success of olive oil at

modeling these sites of action would seem

to vindicate a long tradition.
Two major conclusions stand out. First,

increases or decreases in volume or density
in hydrophobic sites in the central nervous
system may lead to profound effects. such
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TABLE 3

Results of calculatio ns to test the critical volume hypothesis

Model solvent Effect Critical volume
change (C/n) ± SD

Compressibility
(X10 atm ‘) ±

SD

Correlation coef-
ficient

Carbon disulfide anesthesia

complete spasms

+0.63 ± 0.036

-0.6 ± 0.17

2.1 ± 0.39

1 1 ± I .6

0.72

0.83

Olive oil anesthesia

complete spasms

+0.43 ± 0.029

-0.5 ± 0.12

2.4 ± 0.32

8.4 ± 0.12

0.83

0.85

Co m� ra a.a. �o au ir� mo

Told Pressite -Atn�sph�es

FIG. 2. The calculated volume changed at ED50s
for anesthesia (open symbols) and pressure-induced

spasms (closed symbols) using olive oil as a model

solvent

Key: N2 0, t Ar 0, #{149};N20 0, S’, CF4 V, V; SF6 L�,

A and helium x.

as the depression and excitation studied
here. The magnitude of these changes

seems to be in the range of #{189}-1%although
this magnitude reflects somewhat the
choice of the model to represent the hydro-
phobic site. Second, more than one site of
action is involved in the two phenomena
studied here, the site mediating complete
spasms being four to six times more com-
pressible than that mediating anesthesia.
These conclusions confirm a preliminary
test of these two applications of the critical
volume hypothesis which was based on

scant data derived from heterogeneous
sources ( 1 1). A difference in the pressure
sensitivity of anesthesia and convulsions
has also been noted when barbiturates are

used (31).
A number of interesting corollaries follow

from these calculations. Equation (2) pre-
dicts that mice compressed hydraulically

would experience complete spasms at 56
atm (olive oil model), a prediction which
could be checked experimentally. For tonic

convulsions this threshold is found to be 62
atm (14).

Figure 2 illustrates clearly that subanes-
thetic doses are required initially to prevent
complete spasms. However, since the com-
pressibility of the spasm site is greater, then
as the pressure is progressively raised, rel-
atively higher doses of inert gas are re-

quired to prevent spasms until above 148
atm more than an anesthetic dose is re-
quired. In fact two reports of convulsing
anesthetized mice at extreme pressures
have been published (31, 32).

An important point is that the theory
does not predict that helium will compress
all hydrophobic sites. Equations (1) and (4)
show that a negative volume change only

occurs when ( VHe � XHe/ Vm) < fi. If, for ex-
ample, XHe is larger (i.e., in a solvent of
lower 6) net expansion might occur. Thus,
synergism between helium and an anes-

thetic cannot be taken as prima facie evi-
dence that a mechanism inconsistent with
the critical volume hypothesis is involved,

unless quantitative studies are performed
to derive 6 and �6 or hydraulic pressure is
used as an added criterion. Synergism be-
tween helium and nitrogen has been re-
ported in some, but not all, behavioral tests
in rats (33), while synergism between by-
draulic pressure and anesthetics has occa-
sionally been noted (34).

Similarly, if we consider gases just a little
more soluble than helium at the anesthetic
site of action, we find that neon, which is
1.2 times more soluble than helium, causes
a volume change at 100 atm partial pressure

of only 0.035% (olive oil model). This is
consistent with the finding that high pres-

sures of neon do not change the potency of
nitrous oxide (21).

It is also possible to make an estimate
from this data of the thermal expansion
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coefficients, a, of the sites of action. For a
simple nonpolar solvent one may write (30,

35)

62 (aE
\%aV

T

=T(�) �

Using the parameters in Table 3 for carbon
disulfide, equation (5) yields an a of 8 x
i04 for the anesthetic site and 4 x iO�

#{176}C‘ for the spasm site. The actual a coef-
ficient for carbon disulfide itself is 1.2 x
10_I, and for oleic acid is 9.6 x i0’ (36), so
these predictions are not unreasonable in
spite of the assumptions inherent in their
derivation.

DISCUSSION

The success of the critical volume hy-
pothesis in providing a unified description

of the pressure reversal of anesthesia and
of the amelioration of the high pressure
neurological syndrome by inert gases is re-
markable. When data for the fluorinated
gases are available so that an objective
choice of model solvent may be made, the

only remaining adjustable parameter is the
compressibility of each site of action. Phys-

ically realistic values of this parameter
must lie within a fairly narrow range of
values spanning little more than an order
of magnitude. Thus, the actual values for
olive oil and for carbon disulfide are 6 and
7 x i0� atm�, respectively. For hexadec-
ane and pentane the values are 7 and 17 x
iO-� atm ‘ (36). On this basis the values of
compressibility found in Table 3 are seen to
be quite plausible.

A putative site of action for anesthetics

is the lipid bilayer region of membranes. In
principle we should be able to test this
model, but the data are currently made-
quate. Some data (37, 38) suggest that gas
solubility in olive oil is less than twice that
in bilayers. Thus we would expect lipid
bilayers to yield slightly smaller critical vol-

umes and compressibilities than those
shown for olive oil in Table 3. The only

available bilayer compressibility is for the
liquid crystalline phase of dipalmitoyl leci-

thin and it is i0�1 atm� (39). Thus lipid
bilayers will probably provide about as
good a model as the simple solvents used

here. Moreover the anisotropy of bilayers
may need to be considered (5).

Although anesthetics are relatively non-
specific when compared to receptor di-

(5) rected drugs, they do in fact exhibit consid-

erable selectivity at low doses when studied
in well defined systems (40-42). Attempts
have been made to explain some of this
specificity on the grounds of differential

solubility in target membranes (2, 43). This
is not the case in our study where the two
sites have barely distinguishable solubility

properties. The spasm site is most clearly
differentiated from the anesthetic site by
its greater sensitivity to pressure, which

results from a fivefold higher compressibil-
ity. Thus we have characterized two sepa-

rate sites of action which reach a critical
point and cause a physiological response,
one at a positive volume change and the
other at a negative volume change. Under

ambient pressure conditions both will be
almost equally expanded by an anesthetic
but whether such expansion would prove

critical to the HPNS site, and ifso what the
result would be, cannot be defined. It would
seem quite reasonable to suppose, however,
that a sufficient volume change in any di-
rection could have profound effects (44).
Only studies in simpler systems will answer

such questions.
The demonstration of two distinct sites

in the central nervous system where anes-
thetics and pressure interact antagonisti-
cally raises questions about the simplif�ving
assumptions in our treatment of the critical
volume hypothesis. We have assumed that
the anesthetic-pressure interaction which
mediates a given physiological response,
such as righting reflex, occurs at a single
class of site which has uniform physical
properties. Thus, even when the assump-

tion of direct pressure-anesthetic interac-
tion is retained, our results might merely
reflect the average physical properties of a
number of distinct sites, all of which are
sensitive to both anesthetics and pressure.
In isolated ganglia (42) the lowest effective

doses of anesthetic block only one pathway,
but at higher doses others are blocked. In
the central nervous system a number of

distinct pathways might be blocked over a
very narrow dose range and our idea of
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distinct sites might then need to be replaced
by a continuum of sites. Our results cannot
fully resolve this problem, but the linearity
observed in each case in Fig. 3 does suggest
that for a given physiological response there
are no strong interactions between two or
more sites with different physical proper-

ties. Furthermore the anti-HPNS and the
anesthetic sites are distinct and independ-
ent, since when both have supra-critical
volume changes (e.g., above 150 atm, see

Fig. 3) we observe signs of the HPNS in
anesthetized animals (31, 32).

With the above reservations the critical
volume hypothesis provides a description
of the thermodynamic properties of a hy-
drophobic region at which anesthetics ap-
pear to act. To proceed further requires
thermodynamic measurements of the prop-

erties of actual putative sites. At least three
mechanisms can be distinguished. The an-
esthetic might interact directly with hydro-
phobic regions in an excitable protein (27),

or it might affect such a protein by a per-
turbation of its lipid environment, either by
expanding and thereby fluidizing it (45) or
by changing the phase relationships in it
(46). These three models are qualitatively
consistent with the predictions of the criti-
cal volume hypothesis. To distinguish be-
tween them with quantitative calculations
requires thermodynamic measurements
that are not yet available for gaseous an-
esthetics, although the solubility parameter
of erythrocytes is close to those predicted

here (47). Even when such data are availa-
ble a successful model can only be shown

to have properties consistent with those of
the site of action. It then provides a pow-
erful predictive and rather exclusive ther-
modynamic framework without specifying
the details of mechanisms. The deductive
elucidation of the latter requires a different
approach.

APPENDIX

Physical quantities used in the calcula-
tions were generally available in the litera-
ture. Solvent molar volumes, solubility pa-
rameters and gas solubilities were taken

from a number of useful reviews (29, 30,
48-51). Partial molar volumes of gases in

solvents are not all available, but since they

vary little with solvent we used the values
for benzene in all cases. Sources have been

given in a previous publication (5), except
the values for argon (44.6 mi/mole) and
hexafluoroethane (1 10 mi/mole) which
were taken from references 52 and 53. Virial
coefficients for pure gases and for gas mix-
tures have also been given previously (5)

except for B (Ar-He) for which +24 ml/
mole was estimated (54).
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