Pressure Reversal of Anesthesia:

The Ezlent of Small-molecule Exzclusion from Spin-labeled
Phospholipid Model Membranes
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Recent evidence suggests that anesthetic agents
may act by disordering the lipid phase of nerve
cell membranes, and that increased pressure re-
verses the hetic effect by i order
among lipid lecul It is that
high pressure may simply lower the anesthetic

7 at ils P d site of action by
displacis lecules from the mem-
brane, or alternatively, that high pressure may di-
rectly reorder lipid );
of the anesthetic agent in the membrane remain-
ing the same. The latter alternative is supporled
by the results of the present study, in which

spin were used to
demonstrate that the small spin-labeled molecule
TEMPO is only partially displaced from phospho-
lipid membranes by pressures which reverse anes-
thesia in vivo. (Key words: Pressure reversal;
Anesthesia; Model b Phospholipid vesi-
cles; Electron spin resonance.}
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PRessURE REVERSAL of anesthesia has been
demonstrated in vivo in luminous bacteria,
tadpoles, newts, and mice.** Tadpoles ex-
posed to 2-5 per cent ethyl alcohol until they
fall motionless promptly resume swimming
when the pressure is increased to 200-300 at-
mospheres, although the concentration of alco-
hol remains the same. Mice in a state of deep
anesthesia at atmospheric pressure show spon-
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Fic. 1. The spin label TEMPO (2,2,6,6-tetra-
methylpiperidine-1-oxyl).
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taneous activity within seconds following ex-g
posure to increased pressures of helium. Such‘c
phenomena afford an important consuiemtxonm
in defining a uniform theory for the molecularz
action of anesthetics and, at the same t:une,o
this observed effect serves to limit the num-3
ber of acceptable theories of anesthesia. Thoseo
theories which are unable to account for thed
phenomenon of pressure reversal must be re-o
vised. As a corollary, artificial model mem-
brane systems used to investigate the zmes-m
thetic state should as well be able to demon-A
strate a pressure antagonism of the anesthetic
effect. The pressure reversal of anesthesia mo
one such model system, the phospholipid vesx-
cle bilayer, has been investigated prevxous]yo
in these laboratories through electron spmg
resonance (ESR) techniques.*

The ESR technique allows observation of13
the motion and polarity of the environment ofcr
a free electron. Hubbell and McConnell haveo
demonstrated that phospholipid vesicles con- &
taining one part in 100 of nitroxide-spin-la- 5
beled phosphatidylcholine provide excellent >
model systems for the lipid bilayer region of g
nerve membranes. These vesicles are pro-§
duced by sonicating a phospholipid in water ,
to produce microscopic spheres which have a §
lipid bilayer as a wall. More recently, it has
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208 TRUDELL,
been shown that ESR spectra obtained from
such vesicles vary in a dose-related manner
with both local® and inhalation? anesthetics.
In such studies a nitroxide group containing
a free electron is attached rigidly to the hy-
drocarbon chain of the g-fatty acid on a
phosphatidylcholine molecule. When this spin-
labeled phosphatidylcholine is allowed to tum-
ble freely in solution, it gives a type of spec-
trum known as “isotropic.” When it is rigidly
constrained, as in a crystal, it gives a second
type of spectrum, referred to as “anisotropic.”
When the spin-labeled molecule is included in
a phospholipid bilayer, its motion is partially
restrained. It is able to spin around the long
axis of the hydrocarbon chain, but because of
the structure of the bilayer in which it is in-
cluded, it cannot tumble about its long axis.
It is, however, able to wobble about its long
axis. The extent of this wobble, actually the
angular deviation of the electron spin vector
from the magnetic field vector, is a measure of
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how constraining or immobile the bilayer isg
The order parameter (S,,) which may bai
calculated from these spectra is a measure of8
the conformational mobility of the fatty-aci
chains which comprise the central hydro=
phobic region of the bilayer.> The value o
(S%) is zero for complete disorder and mu:?;r
for a fully-ordered bilayer. Anesthetics servg
to decrease the order parameter, indicating :mm
increase in the fluidity of the hvdrocarbonN
chain region. Halothane and methoxyflurane2:
have been shown to produce this effect at lipid3
concentrations equivalent to those present dur—m
ing clinical anesthesia.”

Previous experiments indicate that the dxs-g
order created by halothane in the phospho-m
lipid-bilayer model-membrane system is an-}
tagonized by high pressures of helium.* These?l,'
results have been interpreted to suggest thatg:
as anesthetics cause the membranes to expand,3
more room is allowed for motion of the fatty 5
acid hydrocarbon chains. Increased heliumz:
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Hydrophobic~, —Hydrophilic
A B8 - Fic. 2. ESR trum &

of TEMPO in a phospho-%
lipid vesicle suspension, o
showing the two high-© z
field peaks due toTEMPO S
in 2 hydrophobic and hy-S
drophilic environment.
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pressures may then compress the membrane,
decreasing the surface area per fatty-acid
chain and reducing the volume of the region
in which each fatty-acid chain may move.

The second property observable by ESR is
definition of the environment of the free elec-
tron present on the nitroxide spin label. The
electron when dissolved in a hydrophobic
phase experiences an electronic environment
different from that of the spin label dissolved
in water. The nuclear hyperfine coupling is
greatly influenced by environmental change,
producing separation of the two high-field
peaks. Separation of these peaks allows di-
rect observation of the partitioning of the
nitroxide spin label between the lipid and
aqueous phases within a phospholipid vesicle
suspension.

An important question is whether pressure
reversal of the anesthetic-induced disorder in
the bilayer model corresponds to an exclusion

PRESSURE REVERSAL—ANESTHETIC EXCLUSION
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F.xs vesicle The two
high-field peaks indicate the effects of applied helium pressure on TEMPO dxstnbuhon.
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of the small anesthetic molecule from the lipidS
region into the surrounding aqueous medmm,h
or alternatively, to a compression of the phos-
pholipid chains around the anesthetic mole-\.
cule. The nitroxide spin label TEMPO® (2,2,

6,6-tetramethylpiperidine-1-oxyl, fig. 1) wasO
selected to answer this question. Its exclusxon-
from the lipid bilayer was investigated underg
conditions of increased helium pressure.

Methods

A mixture containing phosphahdy]cholme,a
cholesterol, and water (2: 0.3: 97.7 by wmght)m
was sonicated to produce a phospholipid vesi-g5
cle suspension, as previously described.” The>
lipid/water distribution coefficient of TEMPO‘°
was found to be 50:1 by comparing ESRZ
peak heights in 2 known mixture. A vesxcle,\,
preparation containing 2.3 per cent lipid wasg
prepared to produce approximately equal con-
centrations of TEMPO in the lipid and aque-
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ous phases. The total concentration of TEMPO
in the suspension was 5 X 10~ M. Using the
50:1 lipid/water distribution coefficient, the
concentration of TEMPO in the lipid region
of the vesicles is caleulated to be 1.2 X 10-
M.{ The spin-labeled vesicle suspension was
then placed in a specially designed glass tube
capable of being pressurized to 4,000 psig.

Electron spin resonance spectra were mea-
sured with a Varian Series 4500 instrument ©°
operated in the X band with the cavity tem-
perature thermostated at 20 = 0.1 C. A Har-
vey-Wells proton probe was used for sweep
calibration and field measurement. The high-
field region of the spectrum was scanned
with the tube at atmospheric pressure and
after 5 minutes of equilibration at 2,000 and
4,000 psig of helium. The spectrum recorded
following release of the pressure was identical
to the initial spectrum recorded at atmospheric
pressure.

In parallel experiments, the anesthetic po-
tency of TEMPO was examined by determin-
ing its ability to depress synaptic transmission
in the isolated rat superior cervical ganglion.
The preparation was perfused with oxygenated
solutions containing TEMPO in various con-
centrations. Single stimuli, 0.2 msec in dura-
tion, were applied to the preganglionic nerve
at a frequency of 0.1 per second, and both
pre- and postganglionic compound action po-
tentials recorded. In two experiments with
ganglia from different rats, reversible 50 per
cent depression of the postganglionic action
potential was achieved at a concentration of
5% 10-5 M. The preganglionic action poten-
tial was unaffected at this concentration. The
concentration of TEMPO in the lipid region
of a nerve is calculated to be 2.5 X 10-3 M
when the nerve is equilibrated in a 5 X 10-3
M bathing solution, assuming that the lipid/
water distribution coefficient found for a vesi-
cle obtains for the lipid region of a nerve.

Results

The ESR spectrum of TEMPO present in an
aqueous dispersion of phospholipids is shown

{ This concentration of 12 mmoles/l lipid is
somewhat less than that predicted to be an anes-
thetic concentration by the Meyer-Overton theory
(30-60 mmoles anesthetic/l lipid).*

©® Varian Associates, Palo Alto, California.
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in figure 2. Such a spectrum is readily interg
preted as the sum of two spectra, one arising
from TEMPO in a fluid hydrophobic environg
ment (A), and the other from TEMPO prm
ent in an aqueous phase (B). Although tln§L
spectrum is a first-derivative presentation, the
peak heights have been shown to provide 4.
good estimate of relative TEMPO concentrag
tion.? The ratio of the two peaks correspondgs
to the distribution coefficient of TEMPO in
these two phases. Thus, the change in the
ratio of A to B indicates the extent to whicl§
TEMPO is excluded by helium at a pressuré
sufficient to reverse anesthesia completely (i
vivo), and also to reverse the anesthetic-ing
duced disorder in phospholipid vesicles. As i
evident in figure 3, there is a change of ap3
proximately 5 per cent in the relative heights:
of peaks A and B as the helium pressure is ing
creased from atmospheric to 4,000 psig.
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Discussion
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Although alternative theories have been pro2
posed, the preponderance of evidence mdm
cates that anesthetics act by dissolving in thes
lipid portion of cell membranes. The phos-2
pholipid bilayer vesicle used in the presents
study closely resembles the currently acceptedX
structure of the cell-membrane lipid mntrm.“%
The application of helium pressure to phos-
pholipid bilayers which have been disordereds
by anesthetics produces restoration of the or-S
der of the bilayer. This reordering of the hpxdcn
molecules may be brought about in one of two'\)
ways. Pressure increase may force the mole-no
cules of anesthetic out of the lipid 'blL:Ayer,O
thereby reducing the concentration of anes-3
thetic at its presumed site of action; altema-lg
tively, pressure may in some way reorder theS
bilayer without changing the number of anes-S
thetic molecules in the lipid. The present exfg
periments support the second alternative. With>
helium pressures at 4,000 psig, there was only3,
a 5 per cent change in the distribution of the§
small molecule TEMPO between the lipid andg’
the aqueous phases. Previous studies suggest™.
that these helium pressures should be suﬁicientg
to reverse completely the disordering effect of 3.
the TEMPO.* The slight displacement ob-13
served is not sufficient by itself to account for ®
the pressure reversal.
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It is important to note that while this result
has been demonstrated for TEMPO, it is not
an inhalation anesthetic. However, TEMPO
does behave like an anesthetic, in that it pro-
duces reversible depression of synaptic trans-
mission at concentrations lower than those
necessary to block nerve conduction in rat
sympathetic ganglion. Although the relation-
ship between anesthesia and depression of
synaptic transmission is still a matter for de-
bate, sympathetic ganglia have often been
used as models in the study of anesthesia.1?. 12
Nevertheless, it remains possible that certain
molecular differences which make halothane a
clinically useful anesthetic allow it to behave
differently from TEMPO under conditions of
pressure reversal. Since none of the anes-
thetics has the unpaired electron necessary to
produce an ESR spectrum, TEMPO afforded
the best opportunity to examine this phe-
nomenon.

Elsewhere we have presented evidence that
volatile anesthetics increase the fluidity of the
hydrophobic region of lipid bilayers? and that
pressure reverses this change in molecular or-
der.t The conclusion to be drawn from the
present work is that the phenomenon of pres-
sure reversal is produced through a reordering
of the hydrophobic region without regard to
the presence of entrapped anesthetic mole-
cules. Our studies further suggest that the
lipid region is the primary site of anesthesia,
and that the phenomenon of anesthesia may
be associated with an increase in the fluidity
of the lipid region of nerve membranes.

PRESSURE REVERSAL—ANESTHETIC EXCLUSION

211

References

1. Johnson FH, Flagler EA: Hydrostatic pressure>.
reversal of narcosis in tadpoles. Scienced
112: 91-92, 1950 s

2. Johnson SM, Miller KW: Antagonism of pres-Q
sure and anesthesiz. Nature 238:75-76,3

ojumoq

1970

3. Lever MJ, Miller KW, Paton WIM, et al: 3
Pressure reversal of anathesm Nature 231:7
368-371, 1971

4. Trudell JR, Hubbell WL, Cohen EN: Pres-p
sure reversal of inhalation anesthetic mduced
disorder in spin-labeled phospholipid vesi-Z
cl&s Biochim Biophys Acta 291: 335—340

SE// du we

5. Hubbell WL, McConnell HM: Molecular mo——-
tion in spm-labe]ed phospholipids and mem-g
branes. J Am Chem Soc 93:314-326, 19713

6. Hubbell WL, McConzell HM: Spin lnbelm
studies of the excitable membranes of nerved
and muscle. Proc Nat Acad Sci USA 6l:5
12-16, 1968

7. Trudell JR, Hubbell WL, Cohen EN: Theg
effect of two inhalation anesthetics on theQ
order of spin-labeled phospholipid vesicles.<.
Biochim Biophys Acta 291:328-334, 1873 3

8. Meyer KH, Hemmi H: Beitrage Zur Theone_
Der Narkose. Biochem Z 977:38-71, 1935—:‘;

9. McConnell HM, Wright KL, McFa.r]and BG: S
The fraction of the lipid in a bxologlcalm
membrane that is in a fluid state: A spin
label assay. Biochem Biophys Res Commun 5
(submitted for publication)

10. Singer SJ, Nicolson GL: The fluid mosaic
model of the structure of cell membranes.
Science 175:720-730, 1972

11. Larrabee MG, Postemnk JM: Selective action §
of anesthems on synapses zmd axons inS

J Neuro-S
physiol 15 91—114, 193..
12. Matthews EK, Quilliam JP: Effects of cen-
tral depressant drugs upon acetylcholine re-
lease. Br J Pharmacol 22:415-440, 1964

ISBY]S

E

€.¥02 LO

000,

%20z Iudy 61 uo 3senb Aq jpd°Z0000-000£0EL6L-ZHS



