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... let us remember that chloroform does not act solely on the nerve tissues. Far from

that_ it ha8 an action on all the tissues and attacks each one at a time which is a function
of its susceptibility .... An anesthetic is not a special poison for the nervous system. It
anesthetizes all the cells, benumbing all the tissues, and stopping temporarily their ir-
ritability .... We can study elsewhere than in the central nerve cells the phenomenon
which causes this stoppage of action and .... It is permissible to assume that something
similar happens in the nerve cell.

Claude Bernard

Legous sur les anesthdsiques et sur l'asphyxie, 1875 (37 a, 363)

THF_.SE words of Bernard clearly anticipated the fact that many, if not most,

of the membrane actions of anesthetics and tranquilizers occur in both excitable

and non-excitable membranes. These similar actions justify the use of simple

i membranes to determine the concentrations of anesthetic in the excitable meta-

l brane and to resolve the molecular pharmacology of anesthesia. The purpose of
i this review is to summarize the data available on the membrane concentrations|

of anesthetics, and to try to relate these data to the membrane actions of anes-

thetics and tranq,,ilizers.

It continues to be generally assumed that the primary actions of anesthetics

are on the cell membrane (plasmalemma) rather than on intracellular processes

(66). This assumption is warranted by three types of observations:

I
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1) Perfnsed axons, from which all the axoplasm has been removed, are still
readily blocked by anesthetics (209, 210, 432, 433, 435).

2) Action potentials in artificial lipid bilayers are blocked by anesthetics such
as cocaine or chlorpromazine (421).

3) Nerve block and synaptic block occur at concentrations of anesthetic wh/ch
are lower than those required to inhlbit metabolism and oxygen consumption
(355-358).

Other studies, however, provide evidence that the prlmary anesthetic action is
on intracelllfl_r organeUes such as mitochondria (226, 489) or microtubulcs (14,
15, 445; but see 201a). These intraeellular actions, on the other hand, occur at
anesthetic concentrations which are ns_mlly 5 to 20 times higher than those re-
qnired to block the action potential (355-358).

The most general definition of an anesthetic is a drug which, when applied
directly to the nerve or muscle cell, reversibly blocks the action potential without
appreciably affecting the resting membrane potential (within 4-5 mV) of the

(47, 64, 561, 611). According to this definition, a wide variety of lipid-soluble
compounds are anesthetic, including tranquilizers, anticonvulsants, antlhi.qta-
mines, steroids, detergents, anti-arrythmics, narcotics, vasodilators and seda-

fives, as listed in table 1.
In addition to these reversible anesthetics listed, there are irreversible anes- "_"

thetlcs, such as the haloalkylamlnes (505, 508), which give sustained anesthetic _ I-
action on nerves. These compounds alkylate the excitable membrane and remain _

attached to the membrane, pres_mably without depolarizing or killing the _
nerve cell. _

I. Electrical Stabilization of the Memhrane by Anesthetics and
Tranq_illzers

Before re_iewing the non-electrical effects of anesthetics on membranes and
analyzing the data on the membrane concentrations of anesthetics (section II),
it is appropriate to Sllmmarize the electrical effects of anesthetics on cell mem- !
branes.

The work of Hodgkin et al. has established that the rising phase of the action i
potential is associated with a rapid entry of sodium ions into the cell (269, 503;
see 562 for a review), although recently it has been found that about 1% of this !
sodium-current may be attributed to the entry of calcium ions (34).

Weidmann in 1955 (652a) and Thesleff in 1956 (611) observed that the rate of
rise of the action potential was reduced by a variety of anesthetics. [Separate
studies by Straub in 1956 (595) had shown that procaine slightly reduced the
changes in resting membrane potential produced by altering the external Na+
concentration; the effect of an anesthetic on resting permeability, however, does
not indicate what the effect may be on the ionic permeability during the impulse
(549).]

Thesleff's findings (611) have also been observed for a variety of anesthetics,
including procaine (23, 293, 608), lidocaine (265), prochlorperazine (265), bar-
biturates (64, 432), alcohols (25, 278, 295, 418), detergents (328), ether (294),



TABLE 1

Pamilieg of anesthetics

I. 81andard Inca] ] $. Vdatile anN- I 10. ,.q_oi& I

aneStAetlcs (_y. mdee/llter tAdics (J_ tabla ntd_/lltcr mclN/liter

drochforidN) 2-5)

Procaine Frog sciatic n. 1.28 X 10*s_(S76) Ether Frol lartoflue m. _$.8 )<10t (_4)' Hydroxydioue Rat phrenie n. 1.3 X 10-t (398)

Frog sciatic n. 1 X 10-1](47) _. Inert and gaseous fl. Aatihls_aminu
Frog sciatic n. 1 × 10-s[(595) onestAdics (s_
Frog sciatic n. 4.0 X 10"a[(573) tables #-8)

Frog sciatic n. $.5 X IW"s (090) 5. lntravc'nouR Pyrlbenzamine Frog sciatic n. _1.7 X 10-s (134a) t_4
Lobster oxen 8 X 10_5 (530) anesthdicz Diphenhydramine Frog sciatic n. _2-3 X 10-s (134a)

Squid axon 5 X IW s (507) Urethano Frog Ranvier node 1.68×10-_ (_1) Calf Purkinje f. _4 X 10-5 (65_a)
Squid oxen >3.7 × 101 (008) Chlomlcee Frog eartoriua m. >8 X lot (611_ Chlorpheniramine Squid giant oxen 5 × 10-t (507)
Frog gartering m. $ X lot (293)

Cocaine Frog cciatio u. 5 X 10_* [,378 O. A_iconettlmn_ L#. An_i-Parid*t- O

Frog sciatic n. 4 X 10t] (47) zonian druss
Frog sciatic n. $.6 × Iot1(573) Paraldchyde Frog gartering m. _ ×10 "z (0il) Trlhexyphenidyl Squid giant oxen 3 X 10-t (007) US

Frog sciatic n. _1.6 X 10-*[( 01 ) Trimethadione Squid giant oxen _5 X101 (007) Caramipheu Squid giant oxen 2 × 10-5 507)821 )Calf Purkinje f. _0 × 10-_ (052_ Diphenylhydan- Squid giant axon >1 XI0-t (007) Frog sciatic n. 1 × 10"*
Lidocaine Frog sciatic n. 8.8 × 101[(370) rein Crayfish receptor _1 ×10-4 (81)

Frog Ihmvicr node 1 × 101 (265) 13. Anti-arrA_LAmi_a
Tetracaine Squid giant oxen 1 × 10-t (507) 7. Narco_icz

Dibucaine Frog sciatic n. 1 × 10-5 (47) Propanolol Mouse tail n. 8.9 X 10"t 281)

Morphine Squid giant oxen 1 XI0-Z (209) Adrenergte n. >8 × 10-5 41)
_. Alcohols Squid giant axon 1 X I01 (072) Procaine amide Calf Purkinie f. _1.8 × 10-5 802a)

Levorphanol Squid giant oxen I ×10-' (572) Quinidine sulphate Calf Purkin|e f. _1.8 X 10-_ _5_a)
Methanol Lobster oxen 4.45 (278) Dextrorphan Squid giant oxen 1 XI01 (072)

Frog sciatic n. 1.6 (427) Levallorphan Squid giant axon 1 X10-' (572) 1_. Mu_c/e re-

Ethanol , Lobster oxen 1.8 (278) /azants i166_II !

Squid oxen 1.5 (20) 8. Hypnotics and Bcnzimidazole Frog sciatic n. 6.0 X 10-|

Squid n. 1.1 (418) sedatives Mepheneein Frog sciatic n. 5 × 10-t
Frog gartering m. 6 × 1_'] (295) Barbi_i Squid giant _zon $ ×|0 -t (507)

Frog sciatic n. 5._ × 10-] (427) Pentobsrbital Squid giant oxen >6 X10-t (64) 15. Anti-inflamma-
Propanol Lobster axon 5.5 X 10-] (278) Frog sciatic n. _5 ×10-_ (337) Lor_ drugs

Squid axon 3.8 X 10_] (25) Frog eartoriue m. _2 X10-t (611) Salicylic acid Rabbit vagus C _ X 10-5 (034a)
Frog sciatic n. _t.18 × 10"z (079) Amobarbital Frog sciatic n. 4 Xl0-z (531) Flufenamic acid Rabbit vagus C 1 X 10-_ (534a) b_

t_4
Frog sciatic n. 1.8 × 10-] (427) Phenobarbital Squid giant oxen 1 ×10-! (507) Niflumic acid Rabbit vag_ts C 1 X 10-a (_34a)

Butanol Lobster axon I. I × 10-z (278) Frog sciatic n. _5 ×101 (337) Mefcnamic acid Rabbit vague C _ × 10"_ (534a) U0

Frog sciatic n. 8.8 × 10": (579) Chloral hydrate Frog eartoriue m. >_9 ×10-* (811) Phcnylbutazone Rabbit vague C 5 × 10-_ (534a)
Pcntanol Frog sciatic n. 4.8 X 10- _ (61) Oxyphenbuta- Rabbit vagus C _.0 X 10-* (034a)

Squid axon _.8 × I0-= I 20) 9. Tranquillz_rs zone

Frog sciatic n. Z.l × 10-_ I570) 1_. Deterszngs ¢_

Lobster oxen _. 1 X 10-= I278) Chlorpmmazine Squid giant oxen _8 X10-t (507) [
Octanol Squid oxen 1.0 X 10-_ I 25) Ethopropazine Squid giant axvu _8 ×10-1 (507) Sodium iauryl Squid oxen _1 X 10-s (328)

Benzyl alcohol Lobster oxen L5 × 10"z 1530) Prochlorperaslne Frog node i 6 X10-t I(26_) sulphate {

i



588 SE_A_

morphine (209) and miscellaneous local anesthetic derivatives (210, 433, 435).
Virtually all of these drugs just cited reduced the sodium conductance at con- n
centrations below those affecting the resting membrane potential. In most in- d

stances, the action potential was abolished without appreciable effect on the n
resting membrane potential, p

Earlier studies reporting marked depolarization (61, 427) or hyperpolarization o
(53, 480, 481) by organic solvents, ether and aliphatic alcohols, employed mem-
brane-lyric concentrations of anesthetics (see section III) or did not state the
concentrations at which the effect occurred (53, 480, 481). There does not

seem to be any different action on the squid or lobster axon membrane potential
between short and long-chain alcohols (25, 278). Knutsson (330) and I_nutsson ¢"

and Katz (331) did find that low concentrations of ethanol (0.05-0.1 M) usually l=
depolarized frog skeletal muscle by approximately 5 mV in 30 rain, but he also
found instances where no change of the membrane potential was perceptible, t
Inoue and Fr_n_ (295) report that ethanol up to 0.57 M only depolarized the 4l:
frog skeletal muscle cell membrane by 4 to 5 mV but that this depolarization was
insufficient by itself to cause inexcitability; they noted, furthermore, that there l:
was no difference in the membrane resting potentials between blocked muscle c
fibers and unblocked muscle fibers within the same muscle. Since some anes-

thetics can also hyperpolarize cell membranes [e.g., cyclopropane hyperpolarizes s

gastrocnemius by 4 mV; (326a)], there does not seem to be any clear relation v
between membrane potential and block of membrane excitability.

Shanes (561, 574) used the word "stabilizers" for the anesthetics because they
blocked membrane excitability without appreciably altering the resting mem-
brane potential. Since it is now tmown that these lipid-soluble anesthetics can
"fluidize" and disorder the membrane (396-398, 469, 555), it is more appropriate Ni

to use the term "electrical stabilizers" for the anesthetic drugs. E,

Not only do the anesthetics electrically stabilize the membrane from depolari- Ni
zation, but there are indications that they may also block various forms of hyper- Di
polarization; for example, 10-4 M diphenylhydantoin decreases the membrane Pe
excitability of the crab'ash stretch receptor as well as abolishes the post-tetanic (
hyperpolarization (31); halothane completely blocks the 7 mV hyperpolarization
(gastrocnemius) induced by epinephrine infusion (326a). There is insufficient _.
work, however, on the effects of anesthetics on hyperpolarization responses of t
the nerve cell. e

The block of membrane excitability caused by anesthetics can be partially

antagonized by rsi_ng the concentration of Na + in the extracellular fluid (130, ¢
293-295,378,631-633). J

The anesthetic concentration to depress the K+-conductance of the action

potential is generally about 10 times higher than that required to depress the c
Na+-conductance channel (25, 264, 265, 328; see refs. _,64, 266-268 for discussion |
of ion channels). I

Finally, it should be mentioned that the anesthetic concentration just neces-
sary for conduction block is smaller than that necessary to inhibit local excitation 1
(631, 633). This means that although anesthetized cells may not conduct ira- !
pulses, they will respond locally and electrotonically if stimulated strongly. '.
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ever, that the interaction energies between the anesthetic and the solvent may
differ considerably from those existing within the biological membrane.

Since there was no simple way to measure the molar concentration of anesthetic
in the cell membrane, Ferguson in 1939 calculated the thermodynamic ac*,ivity
of the anesthetic in the anesthetized animal (199, 200). Since the anesthetic

state is a true and reversible equilibrium (170, 172), the thermodynamic activity
is the same in all the phases of the organism, including the cell membrane.
Ferguson, as well as Brink and Posternak (80), calculated that equinarcotic
effects occurred when the thermodynamic activity was between 0.01 and 0.1 mole
fraction for a variety of neutral anesthetics (see also 24, 135).

A major di_culty in using the thermodynamic activity calculations is that they i

are mostly based on the use of pure liquid anesthetic as the standard state (80).
This means that the thermodynamic activity, as usually calculated, reflects the
work per molecule required to transfer the anesthetic from the pure liquid

phase to the membrane phase. Since the interaction energies between the mole-
cules in each of the pure liquid anesthetics will probably be different, Schneider

(532) has pointed out the appropriate standard state is that of the infinitely
dilute solution. Experimentally this is a difAcult standard to use because it

requires precise vapor pressure determinations (80, 96-98).
The most direct way to test the validity of the Meyer-Overton rule of anes-

thesia is to measure both the anesthetic potency and the anesthetic concentra-

tion in the membrane phase on the same biological cell. This is feasible with
human erythrocytes.

With the advent of subcellular fractionation technique, it is now possible to
isolate membranes and to examine the purity of the fraction by electron micros-
copy. The adsorption of the following anesthetics and tranquilizers to cell or sub-
cellular membranes has been studied: reserpine to sarcoplasmic reticulum (36);
chlorpromazine and other phenothiazine tranquilizers and antihistamines to
erythrocyte membranes (8, 346, 542, 556), muscle membranes (36, 511) and
synaptosomes (511); inert and gaseous anesthetics to erythrocyte membranes
(332, 483); alcohols and phenols to erythrocyte membranes (129, 511, 553);
local anesthetics to myelin (575), to squid axon membrane (624), to erythrocyte
and synaptosome membranes (512); progesterone and steroids to erythrocyte
membranes (2, 160, 449), to liver cell membranes (235), to lysosomes (604) and to
artificial phospholipid/cholesterol membranes (582); narcotics (439), xenoh (345)
and anticonvulsants (443) to brain membranes or particulates (see also 511);
and fatty acids to erythrocytes (229).

For the study of molecular events involved in the membrane action of anes-

thetics, a cell is required which responds to all anesthetics and which has a

membrane that can be readily isolated. Erythrocytes may serve this purpose
both qualitatively and quantitatively, for the following reasons:

1) All lipid-soluble anesthetics (e.g., those in table 1) protect erythrocytes from
hypotonic hemolysis, examples of which are shown in Figures 1A, 2A and 3 for
the alcohols, chlorpromazine and miscellaneous drugs, respectively (see also 509).
Drugs with extremely low lipid solubility, including tetrodotoxin, do not protect
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nitros- moles/liter

)r sub- FIG. 1. A summary of the membrane actions of the aliphatic alcohols. Number 1 repre-
(36) ; santa methanol, number 2 is propanol, etc., up to 9 which represents nonanol. A, the anti-

nes tO hemolytic or protective effects of alcohols against osmotic hemolysis of human erythro-
[) and ©yte_ (509-511, 540, 553), where a relative hemolysis of 1.0 indicates about 30°7oabsolute
branes hemolysis. B, the percent of increase in membrane area of spherical erythrocyte ghosts,

derived from monitoring the cell volumes by Coulter counter techniques (550), and where
553); the area of a normal erythrocyte is about 135 _'. C (upper half), membrane disordering as

rocyte l _een by a fail in the percent of fluorescence of AzNSadsorbed to erythrocyte ghost mem-
rocyte branes (Spero and Roth, unpublished). C (lower half), membrane disordering as moni-
and to tored by N]_ERmethods and indicating that the "membrane viscosity" is reduced; _ is the

(345) ¢/s change in relaxation rate of the membrane-probing benzyl alcohol molecules (396, 397).
D, showing that the alkanols increase the amount of membrane-bound Ca++ in erythro-

511); eyte ghost membranes (547). E, fall in resistance of lipid bilayers (adapted from 242).
F, disordering of oriented and spin-labeled lipid multilayers, as monitored by electron

aries- spin resonance, and where percent decrease in b/c represents the percent of drop in the
has a ratio of the amplitudes of the ESR signal (adapted from 469). Note that high and lytic

concentrations of the alcohols cause effects opposite to low concentrations in most in-
trpose stances. The experimental points have been deleted for sake of clarity.

_from erythrocytes (509). [It has been stated that tetrodotoxin does not block the
13 for sodium current of the denervated sarcolemma (256a, 493); substantial evidence
,509). indicates, however, that the denervated membrane is merely less sensitive to
rotect tetrodotoxin and remain._ normally sensitive to batrachotoxin (13a, 13b).]
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FIo. 2. A summary of the membrane actions of chlorpromazine. A, chlorpromazine
protects human erythrocytes from osmotic hemolysis (350, 511, 556). B, membrane area
expansion of spherical erythrocyte ghosts by CPZ (550), showing that about 2_ expansion FIG.
occurs at concentrations which cause local anesthesia (10-s M). C, the membrane concen- eentra_

tration of CPZ (scale on right), and the amount of erythrocyte membrane area per single anti-in
molecule of CPZ (scale on left) (346). D, CPZ displaces membrane-bound Ca ++ (347). E, motlc

CPZ increases the hydraulic permeability coefficient, I_, of the erythrocyte membrane These
(555).F, CPZ decreasespassive influxof =_Na+ into erythrocytes _ t/_ _-ese_ce of Ca++; from

in the absence of Ca ++ the tranquilizerincreases the passive permeability (549).High quiliz

sublytic concentrations of CPZ overexpand the membrane, which then buckles inward from

(invaglnates;540, 544), the cellsshowing apparently lessexpansion than really exists, memb

This explains why the peak expansion does not exactly match the peak of protection.The

experimental points have been omitted for sake of clarity. 4)
in_xc

Current evidenceindicatesthattetrodotoxincompetes with Na + forsiteson 5)

human erythrocytemembranes (590d),butno specificbindinghas beenfound for cyte

bovineerythrocytemembranes (244b). anes_

2) The concentrations of these anesthetics and tranqu':llzers which cause 50 % face '.
antihemolysis are identical to the nerve-blocking concentrations (frog sciatic the b
nerve) as summarized in figure 4 (539-542, 544, 545, 548, 552, 554, 556). G)

3) The cationic form of the amine anesthetics (e.g., chlorpromazine) is active metal
on both erythrocyte and nerve membranes (542, 548), although the neutral form Ta

is also active, parti_
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Final molorlty of compoundrane area

.,xpansion F_G. 3. The general property of membrane protection by lipid-soluble drugs. Low con-

e concen- i eentrations of these compounds (tranquilizers, vitamin A, pregnanolone, etc.), including the
per single i anti-inflammatory compounds (adapted from 291), protect human erythrocytes from os-
(347). E, i tootle hemolysis; the cholesterol-specific compounds (filipin, saponin) only produce lysis.

aembrane These compounds show a similar order of potency in reducing the release of acid hydrolases
; of Ca++; from lysosomes (adapted from 241,607). Low concentrations of the anesthetics and tran-

49). High quilizers reduce spontaneous release of noradrenaline from catecholamine granules (adapted

inward from 187a-187e, 652b). High concentrations of almost all these compounds disrupt the
ly exists, membranes.
tion. The

4) High and lyric concentrations irreversibly damage both excitable and
inexeitable membranes (542).

sites on 5) Anesthetics expand both nerve-lipid-monolayers (578, 579) and erythro-
ound for cyte membranes (382, 510, 544, 548, 550-552). Under conditions of general

anesthesia the erythrocyte membrane expands by approximately 0.4% in sur-
use 50% , face area (552), which is the same as the value predicted by other workers on
g sciatic i the basis of pressure reversal of general anesthesia (367).

is active ; 6) The membrane/buffer partition coefficients of anesthetics in erythrocyte
membranes are similar to the coefficients in excitable membranes (511).

• al form Tables 2 to 5 list the nerve-blocking concentrations and the membrane/buffer

i partition coefficients for 70 anesthetics. The membrane/buffer partition coeffi-
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concentration for 50% onti-hemolysis,AH50% (males/liter) Difl_Diflu_
F_o. 4. Illustrating the correlation between the nerve-blocking drug concentrations

(minimum blocking concentrations for inhibiting conduction in frog sciatic nerve) and
the concentrations which protect human erythrocytes by 50% (see table 5). 2)

equa

cients for anesthetics other than those listed may be extrapolated from the that

relation between P=/b and the olive oil/water partition coefficient (fig. 5) or smali

P=/b and the octanol/water partition coef_cient (fig. 6). 3)
The membrane/buffer partition coefficients of anesthetics in erythrocyte mem- of th

branes are virtually the same as those in excitable membranes (see fig. 7; 511). AF (
From all these data the membrane concentrations of the anesthetics are calcu- gen,

fated and these are _mrnarized in figure 8. From inspection of table 5 and figure into
8 it is apparent that the membrane concentrations do have a moderate range of
variation, from a high value of 0.259 moles/kg clD" membrane for N_, down to a con.
low value of 0.006 moles/kg for RAC 109 (a local anesthetic amine; 512), a range tool

of 43-fold. It appears, therefore, that the Meyer-Overton rule of anesthesia is sup
approximately correct, but does not hold rigorously, despite the fact that there the
is an excellent correlation between the nerve-blocking concentrations and the the_

membrane/buffer partition coefficients (see fig. 9). lar_
The data for the membrane concentrations can be used to test various hypoth- bin,

eses of anesthesia. At least three modifications to the _Ieyer-Overton rule have is b

been proposed: gou
1) Benson and King (49), as well as Paullng (471) and B,Iiller (411,412) have add

postulated that the molecular polarizability is important in determining V
potency, controlling the anesthetic's association with membrane components sid_
(49) or with membrane water (411,471). ete_

m

i
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TABLE 2

The sciatic nerv_-bloeking concentralions for inhalational anesthetics

Sciatic Nerve-blov_qn_Coneentratlon Water/Tas
Sciatic Solubility Sciatic

Nerve-blocking Coe_cietxt Nerve-blocklng
Species Ref. Concentration (from table 3) Concentration

,not_s_ta_ ,m_.s/t H_

Ne Frog 22* 232 23.7 .011 .26
Ar Frog 22* 232 6.68 .0340 .227

Rat 37* 104

Y_r Frog 22* 232 2.24 .059 .132
Rat 37 ° 104 4

Xe Frog 22 ° 232 .557 .U7 .0652
Rat 37* 104

N2 Frog 22* 232 5.86 .0149 .0875
CH4 Rat 37* 104 4.04 .0334 .135

N20 Frog 22* 232 .557 .230 .128
:Rat 37* 105 .47 .439 .20

C-aH_ :Rat 37* 104 .44 .118 .052
¢-C=H_ :Rat 37* 104 .071 .272 .0193
SF_ :Rat 37* 104 1.97 .0051 .0101
CF_CI_ :Rat 37* 105 .159 .0515 .0082

Difluorethylene :Rat 37* 1_5
Difluorethane Rat 37* 105

;rations

re) and
2) M,,llins (la, 423--425) predicted that equinarcotie effect_ should occur at

equal volume occupations of anesthetic within the membrane phase, on the basis
,m the that large molecules would cause greater perturbations in the membrane than

5) or s_m_ll molecules.

3) Instead of choosing the volume or polarizability of the molecule as an index
_mem- of the "sphere of influence" of the molecule, Seeman et al. (553) considered the
; 511). AF (or free energ3" of adsorption of the drug to the membrane) as the most
caleu- general, index of the extensive property of the anesthetic in the receptor-drug
figure interaction.

nge of The data surnrnsrized in figure 10 indicate that the anesthetizing membrane
m to a _ concentration of a srn_ll molecule is higher than that for a bulky anesthetic
range molecule. Calculation of C_,_ .... -V_o_u_, (fig. 11 and last column of table 5)
esia is supports the idea that equin,rcotic effects occur at equal volume occupations of
; there the cell membrane. The volume fraction of the membrane occupied by the anes-
_d the thetic varies from 8.5 ml/kg clo" membrane for th3-mol, down to 1.0 ml/kg for a

large phenol, with the single exception of menthol (and also h_-tetrahydrocann,-
_poth- binol, but this was not pure). This 8.5-fold variation in the volume occupation

have is better than the 43-fold variation in the membrane concentrations. [An analo-

gous dependence on molecular volume is noted in the theory of odors, but in
) have addition there is a dependence on molecular shape (18, 143).]
nin]n_ While the Meyer-O_-erton-_Iull_n._ rule of anesthesia thus receives con-

ments siderable direct experimental support, it should be pointed out that the param-
eter C_,_-AF varies even less than C_b_,_,.V_,_,_, and exhibits a con-



TABLE 3

The Bunsen solubilities* of inhalational anesthetics

Water/Gast Olive Oil/Gu

22-25* 37" 22-25* 37"

Ne 0.0II (362, 0.0097 (362, 0.0196 (44) 0.0226 (44, 483,
407, 420) 483, 581) 581) C=

Ar 0.034 (164, 0.028 (362, 581) 0.144 (44, 0.140 (44, 46, N,
362, 407) 362) 581) N:

Kr 0.059 (362) 0.0505 (104, 0.44 (362) 0.443 (104, 362, C:
362, 581) 407, 581) 12I

Xe 0.117 (362, 0.085 (362) 1.9 (362) 1.78 (104, 362, C:
407) 407, 413) c-

N,O 0.230 (73) 0.423 (32, 68, 1.56_ 1.50 (104, 403) C.'
73, 332, 386, SI
457, 523, 571,[

581 ) 270, C:N, 0.0149 (68, 0.0130 (68, 0.0632 (44, 0.068 (44, 104, C:
270, 386, 483, 581) 362, 483) 289, 362, 483) TJ

CH, 0.0334 (407) 0.287_ 0.276 (104, 407)
H, 0.018 (362) 0.0173 (270, 0.042 (362) 0.05 (362, 483, E"

362, 483, 581) 581) H
C==O 0.0228 (270, 0.0184 (270, 0.0893 (44, 0.0914 (44, 483) I_I

386, 483) 362, 483) 483) !
C-.H4 0.1182 (407) 0.081 (240) 1.315 1.262 (104, 407,

55)
e---C_H4 0.272 (173, 0.208 (457, 523) 15.74 (523) 11.53 (68, 523) by

499, 523)
SFa 0.00515 0.0049 (102, 0.2685 0.258 (104, 170, 0.4

377, 407, 483, 407, 413, 483, 4_
581) 581 )

CF, Cla 0.0515 (407) 5.15_ 4.94 (104, 407)
CHCI, 6.8 (403, 442) 3.92 (32, 442) 276_ 265 (4O3) l
CltC-_CCHC1 1.615 1.55 (482) 9985 960 (173)
Ether 25 (32) 13.8 (32, 102, 685 64.8 (174)

245, 361, 362) th
Halothane 1.5 (32) 0.807 (360, 523) 370 (173) 224 (360)
Methoxy- 4.5 (245) 970 (173) fr
flurane E

Fluroxene _0.875 0.84 (538a) .--_50_ 47.7 (173) t[

* Averaged from refs. cited in brackets. Solubility is in volumes of anesthetic gas dis-
solved in 1 volume of liquid at 760 ram.

t The saline/gas partition coefficients are generally lower; e.g., water/gas coefficient
for halothane is 0.74 while the saline/gas coefficient is 0.70 (ref. 360). a!

5 Calculated by multiplying the partition coefficient at 37 ° by 310/298. tt
z_

stant value of about 60 calories per kg of membrane for each alcohol anesthetic.

In order to substantiate this free energy hypothesis it will be necessary to obtain ti
the free energies of adsorption for all the anesthetics, there only being reliable

data for the alcohols (553), chlorpromazine (346) and some phenols (382). The r_
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TABLE 4

ReZation between (membrane/water) and (oilwater) partition coe.y_clent8

t

t Mem- Membrane/ Octanol/ Olive Oil/ Oil/Water,_Vater, 37"Membrane/ Membrane/ brahe/ Water, 25" 25" (from
Gas, $7" Gu, 25° Water, 25° (from table

! (_d. 485) Water, $7°_ (ref. 364) 3) table 3)

4, 483, I _ .094 .044 (483) 5.06 2.02. 4.98 3.92
Ne .012 .0056t 1.19 .496* 2.33 1.78

:, 46, Nt .096 .044t 7.4 2.94* 5.23 4.24
t CH4 .632_ 3.16 8.6

14, 362, H2 .024 .011t 1.39 .61. 2.90 2.34
tl) C_, 1.0_ 5.01 14.4§ 11.1
L, 362, c-C,H. 3.17_ 15.85 34.4§ _34§
L3) i CF, 5.25:_ 26.3 17.0 15.8
i, 403) i SF, .151 .069t 30.8 13.5, 43.6 52.7 52.7

! s.8_
CF=CI= 8.4_ 41.7 100

i CHCI, 18.7_ 93.5 84H 63[]
L, 104, Triehloro 39_ 195 400§
}'2, 483)

ethylene
}4, 407) i Ether 1.18_ 5.9 4.6 2.7¶
2, 483, Halothane 12.9:_ 64.5 278 246

! Methoxy- 32.4_ 162 216 216
t4, 483) it flurane

04, 407, i * Calculated by dividing the membrane/gas partition coefficient (at 25 °) of column 2

by the average water/gas partition coefficient (at 25 °) in table 3.
• 523) i t Extrapolated from the value at 37 ° (shown in colllmn 1) by multiplying by 0.46, where

0.46 is the ratio of the membrane/gas partition coefficients at 37° and 25° for C--DO (ref.
04, 170, 483).
13, 483, ! $ Obtained by dividing the octanol/water partition coefficient (in column 5) by 5.

i § Ref. 538a.
4, 407) } [[ Average value from table 3 and ref. 538a.

¶ Cf. value of 2.4 reported by ref. 404.
$ Obtained by dividing the membrane/gas partition coefficient at 37° (column 1) by

:) i the average water/gas partition coefficient at 37° (table 3).

free energy of binding, AF, is obtained by the relation AF = --RT In K, where

K is the affinity constant, measured experimentally by carrying out an adsorp-
I) tion isotherm over a wide range of anesthetic concentrations (553).

ic gas dis- A. ,Summary of membrane concentration data for local anesthesia

coefficient The data reviewed in figure 8 and table 5, therefore, indicate that the local

anesthetic blocking concentration within the frog sciatic nerve membrane is of

the order of 0.04 moles per kg dry. membrane. This is equivalent to about 250,000

molecules per square micron, or appro_]m,tely 400 A _of membrane per anesthetic

msthetic, molecule. The average volume occupation of the membrane is 0.3 % under condi-

to obtain tions of local anesthesia (fig. 11).

g reliable At very high anesthetic concentrations, when all the anesthetic sites are satu-

_82). The rated, the membrane concentration is of the order of 0.065 moles per kg dry

L
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TABLE 5

The membrane concentrations of anesthetics

Concentra- Membrane/ Anesthetic Molecular Volume ofNerve Blocking tion for 50% Buffer Concentra- Anesthetic i_
Partition tionin Volume Membrane_

Concentration* Anti- Co¢_dentt Membranet Vmot,Cblock hemolysis [rc:fs. 511, (ref.71) Cmem
AH _ 553]P Cmembrane X Vmol

_les]l H20 mole.sll HfO_ maleslkt rnl(kgdry raon mcmorane

Hs 4.2 X lO-tg 0.61_ .256 7.0 1.8
1. Ne 2.68 X 10-t'* 0.496¶ .133 9.3 1.2
2. Ar 2.16_X 10-z*" 0.gtt .194 10.9 2.1

3. Kr 1.24_X 10-I** 1.6t_ .198 11.1 2.2 6
4. Xe 5.73 × _0-_°° 3.0tt .172 20.2 3.5 6:
5. Ns 8.8 X 10-5." 2.94¶ .259 15.8 4.1 6;
0. CHt 1.35 X 10-1"" 0.632¶ .085 17.1 1.5 _.,
7. N_O 1.28 X 10-1"* 0.62It .080 18.9 1.5
8. C_H, 5.2 X 10"z** 1.O_" .052 23.9 1.2 _e
9. o-Cilia 1.93 X 10_** 3.17¶ .061 29.6 1.8 6.

1O. SF_ l.Ol X 10-_** 8.75_' .088 45.1 4.0 6_
11. CF_Ch 8.2 X 10-*** 8.35_ .069 43.7 3.0 5_
12. Benzyl alcohol 2.0 X I0-_ 2.2 X I0"_ 4.0§ .080 64.1 5.1 7(
11. Methanol 2.4§ _2.7 0.045_ .108 21.7 2.3
14. Ethanol 5.0 X lO-a§ 6 X 10-a 0.141_ .070 31.9 2.2
18. Propanol 2.18 X 10-_ (579) 1.9 X 101 0.45_ .098 42.2 4.1

15. Butanol 6.8 X I0"_ (579) 4.2 X 10"* 1.5_ .102 52.4 5.3 k_
17. Pentanol 2.1 X 10-s (579) 1.45 X 10-ffi 3.6§ .075 02.6 4.7

18. Hexanol 6 X 10-_ 3.00 X 10_ 13.0_ .039 72.9 2.9
19. Heptsnol 1.75 X 10-_ 7.50 X 10_ 39.6§ .0_0 83.1 2.4
20. Octanol 2.35 X 10_ 151.8_ .036 93.3 3.3
21. Nonanol 0.4 X 10-_ 4.1 X I0-s 582§ .024 104 2.5

9_.Decanol 1.0 X I0-s 1222§ .012 I14 1.4
23. I_opropanol 3.51 X 10-; (579) 4 X 101 0.276_ .097 42.2 4.1

24. Tert-amyl alcohol 8.1 X 10-_ (579) 6 X 10-z 1.55_; .125 62.6 7.8 !
25. Menthol 5.8 X 10"_ (579) 5 )_ 10-_ 200_ .116 105.7 12.2

26. Thymol 2.2 X 10-_ (579) 2.6 X 10-'t 400_:** .088 96.6 8.5 e_t
27. l_-Naphthol 3.0 X 10"_ (579) 2.4 X 10-_ 138,*_ .042 79.5 3.3
28. Phenol 7 X 10-_ 7.8 X 101 8.5§ .060 46 2.7
29. Chloroform 5 X 10-_ 9 X I0-_ 18.7_::_ .I12 41.6 4.6

30. Diethylether 5 X 10-_ 9 X 10-_ 1.18_:_ .059 53 3.1 nlC

31. Halothane 5 X I0-_ 8 X 10-° 12.9_ .065 53.3 3.4 Zi___9.Urethane 2.25 X 10-t (631) 0.57§ .128 49.0 6.3

33. Pyridine 5.9 X I0-_§ 0.9_: .053 44.3 2.3 sh(
_4. Aniline 2.0 X 10"-_§ 1.59,+$ .032 M.4 1.8

35. Nitrobenzene 2.95 X i0-_§ 14.2_ .042 62.6 2.6 CO_

36. Acetanilide 1.5 X 10"_§ 2.9_ .044 79.0 3.4 in _,
37. Quinoline 2.0 X 10-_§ 21.4_ .043 70.2 3.0
38. Hydroquinone 2.5 X 10-_§ 0.78_:_ .020 57.8 1.2

39. Antipyrine 6.0 X 10"_§ 0.34_ .024 107.1 2.6 n3
40. 4-(_H_-phenol 6 X 10-_ 5.4_ .033 61 2.0

n(41.4-F-phenol 3 X 10-_ 13.1:_; .039 49 1.9

12. 3-N(CH_)_-phenol 2.8 X 10-_ 8.0***+ .022 75 1.7 le
_3.4-C0_H_-phenol 2.4 X 101 18.1_ .044 75 3.3

_[4. 3-NO_-phenol 2.2 X 10-_ 20_+* .045 60 2.7 C(
45. 3-CHs-phenol 1.7 X 10-_ 17.7.*** .030 57 1.7
t6. 4-OC_H_-phenol 1.6 X 10-_ 13.1_** .021 71 1.5
17.4-CH_-phenol 1.4 X I0-_ 17.7,*_ .025 57 1.4

18. 2-Cl-phenol 1.15 X 10-_ 28.8**,+ .033 55 1.8

19. 2,6-(CH,)z-phenol 1.05 X 10-z 44_ .046 08 3.2 fo50. 3,5-(CHs)_-phenol 9.5 X I0-_ 43,%* .041 68 2.8

H. 4-Cl-phenol 7.4 X 10-_ 43.*_ .032 55 1.8 fo

$2. 2-CF_phenol 5.5 X 10"_ 119_** .06_ 65 4.3 bl$3. 4-Br-phenol 3.6 X I0_ 92§ .033 58 1.9

H. 2,4-Ch-phenol 2 X 10_ 375_ .075 65 4.9 a]

kS. 3-l-phenol 1.9 X I0"_ 18S**_ .036 63 2.3 t_56. 4-t-C_H_-phenol 1.27X 101 164}{ .021 88 1.8

|7. 3-CHs,4-Cl-phenol 1.13 X I0-_ 131§ .015 67 1.0 aI
_8. Procaine 4.6 X I0-8 (573) _0 3.1 (575) .014 142 2.0

n_
i9. Cocaine 2.6 X I0-_ (573) 15.7 (575) .041 163 0.7
_0. Tropacocaine 2.2 X 10-z (573) 20.4 (575) .045 134 0.0

596
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Volumeof TABLE 5---Continued !Anesthetle in
Membranes

Cm_m Concentra- Membrane/ Volume of i
X Vmol Nerve Blocking don for 50% Buffer ?mesthetic MEeeular i

I Concentration* Anti- Partition concentra- Anesthetic it
-- Vmol,

_d[]tg Cblock hemolysis Coefficient _ tion in Volume Membranes

{ref. 511, Membrane_; (ref. 71) I C_em_
_ro_ _ AH _ 553] P Cmembrane 1 t

1.8 -- iI
1.2 } _ales/l HsO males/l HtO moles/kg rld/_g

2.2 [.Chlorpromazine 1 X 10-a_ 1 X 10-1 1600§ .016 !_4 2.6 !

3.5 I. RAC 109 I 8 X 10-4 (13) 2.73 X 10-* 8§ .006 204 1.3
4.1 [ L RAC 109 II 2.3 X 10 s (13) 2.37 X los 8§ .018 204 3.7
1.5 t [. Morphine 5.5 X 10-4 5.2 X los 2.7§ .015 145 2.2 i

1.5 _ ;. _etha_one 2-3 X 10"_ 32§ _.010 193 _2.0 i
1.2 L Pentobarbital 1.7 X lO-t_ 1.6 X 10-* 9.6§ .016 133 2.2 ,
1.8 '. Diphenylhydsntoin 8.3 X 10-4 1.5 X los 40§ .035 136 4.8 /

4.0 i I. Barbital 28 X 10-4 0.68_ .019 102 1.9 ]
3.0 [ I.Phenobarbital 5.7 X 10-_ 6.40§ .036 124 4.5
5.1 t _. THC¶_ 1 X 10-s _340_ _.0034 210 ,-4).7

,3 t ' 12.2 * Frog se_._e nerve (_°).

4.1 i _ Determined experimentally at Cbloek (or at AHr_-_) and in presence of 0.9% NaCI (22"). P has units of [(moles/ _
5.3 kg membrane)/(mo[_/l H_O)].

4.7 _ Refers to excitable membrane (Cmembrane ffi P • Cblock).
2.9 § Determined experimentallyin thislaboratory.

2.4 |Hsm _ potency of N2 (raf. 79); e_thnated Cblo_ _ 572 arm. i
3.3 ¶ See table 4.
2.5 ** See table9. i

1.4 _ Estimated from the oil/water partition ecet_eient (table 3) with relation in figure _. !
4.1 _ Obtained by dividing the octanol/H_O partition coefficient by 5 (see ref$. 253, 366, 511).
7.8 §§ Frog aartorius muscle (ref. 5).

12.2 Ill[AH_0 values for sne_cthetie esters ar_ higher than Cblock, presumably because of the high activity of erythro-
8.5 eyte membrane eholinesterase.
3.3 ¶¶ A_-Tetrahydrohydrocannabinol (117) rat, pH 7.4.
2.7
4.6

32 membrane for the anesthetic alcohols (553) and 0.0S moles per kg for chlorproma-
s'_ z_ne (346). An example of the membrane concentration for chlorpromazine is6.3

2.3 sho_-a in figure 2C. These high membrane concentrations of anesthetics, which
1.3 correspond to around one anesthetic molecule per five phospholipid molecules, are
s._ invariably associated with the threshold for membrane lysis (129).
3.0 The figure of 250,000 lipid-soluble anesthetic molecules per square micron of1.2

2.s membrane compares _-ith N10 to 100 tetrodotoxin binding sites//_ 2 on various
2.0
L2 nerve cells (129a, 244b, 327a, 417). (It has been suggested that membrane cho-

1_ lesterol may be the receptor for tetrodotoxin (642a); this appears unlikely since
_.3 cell membranes generally have about l0 s cholesterol molecules/t;.)9.7
1.7

L_L5 B. Membrane concentration data for general anesthesia iiLS It is known that the anesthetic concentrations (in the aqueous phase) required
s'z for general anesthesia are of the order of _i_o to _'_o the concentrations required2.8

1.s for local anesthetie block (see later section). On this basis, therefore, the mere-4.3
L0 brahe anesthetizing concentrations (under conditions of general anesthesia) will
_.9 also be about _'_o to _'_o of those found for local anesthesia (i.e., of those listed in
2.3

Ls table 5). This is because the membrane/buffer partition coefficients for neutral
1.0 anesthetics are independent of the aqueous concentration of the anesthetic. The
2.0
_._ membrane concentrations are tabulated in table 6.
3.0

1
+i
!

+
+
+

1

i
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olive oil/water partition coefficient (25 °)

Fzo. 5. Showing the correlation between the membrane/buffer partition coefficients
and the olive oil/water partition coefficients for a variety of gaseous and volatile anes-

(at '.
thetlcs (at 25°C) (from tables 3, 4). tin

Historically, the anesthetizing concentration in the membrane phase, under se_,

candiEons of general anesthesia, had been predicted as being 0.05 moles/liter olive ot]
oil, on the basis that the membrane had the same composition as ohve oil (24, wc
399-404, 461). Experimentally, in fact, the membrane/buffer partition coeffi- lal
eients are about _ to _5 lower than the oil/water coefficients (fig. 5). The In(
volumes of anesthetic occupying the membrane are also lower, therefore, by a m.'
factor of 7- to 15-fold, as shown in the few examples in table 7.

The importance of these anesthetic volume occupations (listed in tables 5 and (?O

7) will become apparent in a later section, where it is shown that the volume im
expansion of the membrane observed experimentally is of the order of 10 times _n(
greater than the anesthetic volume of occupation for both general and local co
anesthexia, ad

C. Forces cordrolling _heanestheEc binding in the membrane en
It b_._ been demonstrated that the narcotic activity of anesthetics correlates m(

much better with the non-aqueous/aqueous partition coefficient than with any re:
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i (octanol/water) partition coefficient, Po__oeffcients
F]o. 6. Illustrating that the membrane/buffer partition coefficients of various anesthetics_tile anes-

(at 25°C, and in the presence of 0.9%NaC1, pH 7) are about _ of the octanol/water parti-
tion coefficients. The correlation between the coefficients for the negative anesthetics
seems to be slightly different, but this may not be significant.

se, under
liter olive

other parameter of the anesthetic molecule, such as polarizability, molecular
e oil (24, weight, or molar attraction constant (187, 366, 407, 408, 522). The general corre-

on eoeffi- lation between narcotic potency and partition coefficient now extends to the
• 5). The membrane/buffer partition coefficient as well, as indicated by the dat_ sum-
ore, by a marized in figure 10.

The correlations of anesthetic potency to the non-aqueous/aqueous partition
des 5 and coefficient have supported the classical idea that the membrane anesthetic
e volume interaction is hydrophobic in nature (382, 532, 553). More direct evidence10 times
and local indicating that the anesthetic is partly or completely surrounded by hydrophobic

components of the membrane comes from data which measure the free energy of
adsorption of the anesthetic to the membrane (346, 382, 511, 532, 553). The free

energy of adsorption of alcohols to erythrocyte membranes is -695 calories per
correlates mole of--CH2 groups. This suggests that the methylene groups of the alcohol

_ith any reside in some hydrophobic region of the membrane, on the basis that -700 to
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Fie. 7. Illustrating that the membrane/buffer partition coefficients of anesthetics in
nerve and muscle membranes are the same as those for erythrocyte membranes. The CPZ
concentrations ranged from 0.07 to 0.2 m._I. The phenol, pentobarbltal, morphine, RAC 109

and d_phenylhydantoin concentrations were 6.5, 0.18, 5.2, 2.7 and 0.8 raM, respectively.
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-- • rule of anesthesia --

10-5 i0 _ 10-3 10-2 i0-_ 10 0

CbIock or AH 50% (moles/liter H20 )

Fie. 8. Illustrating that the membrane concentrations of anesthetics (for equal nerve-

blocking or antihemolytic effects) are approximately but not exactly predicted by the

l_1eyer-Overton rule of anesthesia. See table 5 for code to drugs.

--800 ealsimole is the work involved ,.'n transferring one --CH_ group from an
aqueous phase to a completely non-polar phase (532). The hydrophobic region
may consist of I) non-polar portions of lipid molecules; 2) the non-polar inter-
faces between lipid and protein molecules; or 3) the hydrophobic regions of
protein molecules.

/
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.._.___ membrane/buffer partition coefficient

Fro. 9. Showingthat the ne_e-bloc1_ing(orantihemolytic)concentrationof an anesthe-
tic directly correlateswith the membrane/bufferpartition coefficient.Seetable 5 for code
to anesthetics.

i
The AF of anesthetics adsorbing to proteins is generally in the region between

,erto_ --100 and --560 calories per mole of--Ct:I_, although higher values of -650 to

_ia _ --1100 occur Mth proteins which may undergo conformation changes (532).
[ I I[ Thus, the membrane site is probably the non-polar portion of lipid molecules or
oo involves a protein which undergoes a conformation change on binding the

alcohol.

The interaction of chlorpromazine with the membrane is also hydrophobic as
_alnerve- indicated by a L_F of --9400 caIs/mole chlorpromazine, and by a negative
d by the

enthalpy of adsorption (- 5H) which becomes more negative at higher tempera-
tures (37, 346).

from an The data for the energy of anesthetic binding thus indicate that the nearest

:c region neighbors to the anesthetic molecule within the membrane are hydrophobic
ar inter- moieties, rather than being water molecules or water c]athrates (471).

gions of The binding or adsorption of anesthetics to membranes appears to depend on
the following factors:
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FIe. 10. The anesthetic concentration (for nerve-block) in the membrane phase (ordinate) t

is lower for larger molecules, as predicted by the l_IuUins' rule of anesthesia (423). See
table 5 for code to anesthetics, thet

£
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Fie. 11. The occupying volume of the anesthetic (for nerve-block) in the membrane tel

phase (ordinate) has a constant value of about 3 ml per kg dry membrane, or 0.3%, for (3-
all the anesthetics. Although this generalization fits Mullins' rule (423), the observed ex-

pansion of the membrane volume (or area) is actually about 10 times this amount, as ex- in(
plained in the text.
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TABLE 6

General Anesthesia Local Anesthesia

i Anesthetizing concentrations N0.003 moles/kg dry mere- 0.04 moles/kg dry mem- iwithin the membrane braue -- 20,000 mole- brane = 250,000 mole-

1 cules/_' cules/_' "iAnesthetizing volume occupa- N.02 mlsfl00 g dry mem- 0.3 mlsfl00 g dry mem-
tion within the membrane brahe (or_0.02% v/v) brane (or_0.3% v/v)

Anesthetic sitesat saturation 0.07moles/kg dry membrane=500,000 molecules/_s

TABLE 7

A comparison of the ane_theHc volume occupations in oil versu_ those in the membrane

Under Conditions of General Anesthesia Under Conditions of Local Anesthesia
(Rat; re/. 104) (Rat Sciatic Nerve; rd. 104)

Anesthetic volume in Anesthetic volume in

Olive o11(ml drug/ Membrane (ml drug] Olive oil (ml drug/ Membrane (ml drug/
100g o11) 100g membrane) 100g oil) 100g membrane)

Xenon .025* .003_ .5* .07_

N_0 .23* .03_ 4.5* .6_

N_O .055_ .008"[" 1.1§ .15ll

Cyclopropane .05_ .005_ 2.0§ •1811

Ethylene .058_ .005t 1.4§ .12tl
5 0 0 _,lethane .057$ .004t 2.0§ .15lt

Argon .055_ .008_ 1.4§ .2ill

• Obtained by direct measurement ex-perimentally (538).

rdinate) t Calculated from the anesthetic volume occupation in oil and by using figure 5.
23). See ;_ Calculated from the anesthetic concentration in the vapor phase (104) and the anes-

thetic solubility in oil (table 3).
§ Calculated from the anesthetic volume occupation in the membrane, and by using

figure 5.
r-T77_ _ From table 5.

1) Partition coefficient in a non-aqueous/aqueous system, as already
dis-

p.,,e cussed.

2) The charge distribution on the anesthetic (90). The anesthetic potencies,
however, correlate poorl_ with sigma or Hammett constants (253, 532).

3) The molecular weight or volume, as already discussed.
4) pH. Increasing the pH markedly increases the membrane/buffer partition

, _, coefficient of procaine (575) or of chlorpromazine (346). There are insufficient
data for neutral anesthetics.

5) Temperature. The membrane binding of alcohols (129, 545) increases with
embrane temperature, while that for chlorpromazine decreases slightly with temperature
,.3%, for (346).
,xved ex- 6) Content of membrane cholesterol. Cholesterol depletion of liver membranes
_t, as ex- increases the binding of polar steroids (dexamethasone, hydrocortisone, corticos-

+
+"W+_ + . +,. ...............

+
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terone) while reducing the binding of more hydrophobie steroids (deoxyeorti- Ex

costerone, progesterone, testosterone, diethylstilbestrol) (235). The presence figur
of cholesterol in phospholipid membranes lowers the membrane/bcffer partition cone

coefficient of hydrocortisone, deoxycorticosterone, estrone and progesterone (but;
(582). _ta_

7) lonic strength. The membrane/buffer partition coefficients of the anesthetic met}
amines become lower as the NaC1 concentration is increased (511, 512_; those for valu.
the negatively charged anesthetics (barbiturates, fatty acids, hydantoins) in- in th
crease with increased NaC1.

pout

8) Anesthelic concentration. The membrane/buffer partition coefficients of Si:

neutral anesthetics are approximately constant and independent of the anes- 542,
thetic concentration in the anesthetizing range (129, 382, 398, 553). At higher cone

sublytic and lytic concentrations these neutral drugs increase the partition biph
coefficient (129, 398). The partition coefficients of the amine anesthetics, however, such
are practically always dependent on the free concentration of the anesthetic; the extr:

coefficients tend to fall markedly as the free concentration rises (346, 511). h_q_
9) Ca++ concentration. Unpublished work in this laboratory has shown that disti

increasing the free Ca ++ can displace membrane-adsorbed chlorpromazine, in the ing c
same way as free chlorpromazine displaces membrane-bound Ca++ (347). No ing t
work has been done on whether free Ca++ can alter the membrane-bound levels a sec

of neutral anesthetics; it is known that neutral anesthetics can increase the con- refs.)
centration of membrane-bound Ca++ (547). Th_

10) Rever_'bility of binding. In general, the binding of anesthetics to mere- by 1o_
branes is reversible (74, 349, 556). High concentrations of anesthetics, however, relca_

irreversibly expose new binding sites in the membrane, and the membrane/buffer chlort
partition coefficient rises sharply (129, 398). For some drugs, such as reserpine, inflan
there is evidence for persistent binding (444). tive a

I 11) Nature of membrane lipi&. Hydrogenation of lipids markedly reduces the on th,
binding of chlorpromazine and other amine anesthetics for endoplasmic reticu- Th_

lum membranes (36, 37). (labi'"

III. The General Property of _lembranc Protection by Anesthetics 285,resu

and Tranquilizers i0nic
Many lipid-soluble drugs at low concentration protect cell membranes and testi

subcellular membranes. The term "membrane stabilization" was introduced by cho]

Guttman (242a) in 1940, who found that Ca++ or Mg ++ prevented or stabilized earli

the resting potential of the nerve membrane from depolarization by potassium part
or by veratrine. In 1958 Shanes (561) broadened this idea of membrane stabilizers men

to include any compound which inhibited a change in the membrane resting A
potential, cone

The idea of membrane electrical stabilization by drugs can be extended surf:

further to include the membrane-protective action of lipid-soluble drugs (542, grar
544). The general observation is that low concentrations (usually from 10--8 to cau_
10-s M) of these lipid-soluble or surface-active compounds protect the membrane and
from osmotic, mechanical or acid lysis, but that higher concentrations (usually _;
above 10-4 or 10--a)are directly and immediately lyric to the membrane, mite
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(deoxycorti- Examples of this general phenomenon are shown in figure 3. The top half of

_he presence figure 3 indicates that erythrocytes are protected from osmotic hemolysis by low
ter partition concentrations of steroids (testosterone, pregnanolone) (3, 539), tranquilizers

progesterone (butyrylperazine) (1i3, 211, 527a, 556), phosphollpids (lysolecithin), fat-soluble

vltamln_ (vitamln A) and anti-inflammatory compounds (flufenamic acid, indo-
m anesthetic methacin, phenylbutazone, chloroquine and sodium acetylsalicylate). The
2); those for value of 1.0 on the ordinate represents approximately 50 % hemolysis that occurs
[antoins) in- in the absence of an5 drug. The re_mlts dealing with the anti-inflammatory com-

pounds have been adapted from Inglot and Woina (291).
efficients of Since virtually all of these compounds are surface active (45a, 92, 329, 468,
_f the anes- 542, 546, 574, 641,668-670), with the possible exception of acetylsalicylate, high
). At higher concentrations cause lysis. The dose-response curves, therefore, are generally
he partition biphasic in shape, as a function of drug concentration. Cholesterol-specific agents,
cs, however, _ such as saponin and filipin, do not stabilize membranes at any concentration but
esthetic; the i extract the membrane cholesterol, thereby lysing the cell (543). (The use of a
511). ) hypotonic saline test medium as shown in figure 3, therefore, is convenient for
shown that _ distinguishing between "specific" hemolysins, which lyse by specifically extract-
azine, in the ing cholesterol, from those "non-specific" hemolysins which lyse by over-expand-
÷ (347). No ing the membrane or by making the cell leaky to monovalent ions, thus inducing
)ound levels a secondary colloid osmotic hemolysis; 479, 480, 541; see 541, 542, 556 for further
rose the con- refs.)

The membranes of the subcellular organelles are also stabilized or protected
cs to mem- by low concentrations of these same drugs. Figure 3 shows that the spontaneous
cs, however, '_ release of acid hydrolases from lysosomes is reduced by low concentrations of

_rane/buffer chlorpromazine (adapted from 241) and by low concentrations of the anti-
_s reserpine, inflammatory compounds (adapted from 607). These latter results are in qualita-

tive and in almost quantitative agreement with the findings of Ingiot and Wolna
reduces the on the erythrocyte (291).
stoic reticu- There is an extensive literature on the protective (stabilizing) as well as lyric

(labilizing) effects of lipid-soluble drugs on lysosome membranes (83, 163, 241,

,.sthetics 285, 287, 288, 304, 371, 372, 414, 603, 607). The qualitative and quantitative
results greatly depend on the manner of preparing the lysosomes, the glassware,

ionic strength, pH, temperature, and on the mode of artificial disruption while
_branes and testing the protective action of the drug. It may also be that the concentration of
;reduced by cholesterol in the different lysosome membranes also differs, and, as mentioned

_r stabilized earlier, this is a very significant factor in determining the membrane/buffer
potassium partition coefficient; no work has been carried out relating the level of lysosome

e stabilizers membrane cholesterol to the lysosome-protecting potency of drugs.
'ane resting Also shown in figure 3 are some of the observations demonstrating that low

concentrations of reserpine, tranquilizers and local anesthetics, all of which are
e extended surface-active, reduce the spontaneous loss of catecholamines from catecholamine
drugs (542, _ granules (185-185e, 652b). It appears that all surface-active compounds can
_om 10--_ to cause this general biphasic effect of membrane protection at low concentrations
;membrane and membrane-lysis at high concentrations.
_ns (usually Membrane actions of anesthetics and tranquilizers have also been found on
_e. mitochondria (558, 592, 593) and on platelets (428, 446, 628). The inhibition of
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platelet aggregation by anesthetics (628) is particularly interesting because these t

effects occur at clinical concentrations. The anti-aggregation effects presumably (
stem from a combined action of the anesthetics on the glycocalyx of the mere- t
brahe as well as on the basic lipoprotein structure of the membrane, a

The toxic effects of high concentrations of the membrane-protective drugs t
appears to be similar for both the excitable and non-excitable membranes. The t
nerve membrane becomes depolarized at these high concentrations, and this is h
presumably related to the fact that practically all these compounds are surface- t

active and cause membrane disruption. (
Pro-lysis (or pre-lysis). In the concentration region between membrane-pro- a

tection and membrane-disruption there is a concentration zone known as "pro-

,' ]ytic" or "pre-lytic" (467, 479, 480, 510, 542) wherein the cell becomes very v
permeable to ions but not to proteins, t:

IV. Clinical Specificity or Selective Action of Nerve-blocklng Drugs cA

The all-inclusive definition of an anesthetic as a drug which reversibly blocks t,
neurons raises the difficult question of how to explain the clinically apparent r,
specific and selective actions of these drugs. In medical practice, for example, the v
different phenothiazines and anesthetics are used for different purposes, as anti-

histamines, antipruritics, antispasmodics, anticonvulsants, anti-emetics, as anti- (or
motion sickness and antidepressant compounds, tranquilizers, sedatives, for am
pre-anesthetic medication and as anti-Parkinson's agents (230). an,

This question becomes particularly cogent upon inspection of the anesthetic is
membrane-volume occupations in table 5 which demonstrate that nerve block an_

occurs at approximately 3 ml anesthetic per kg dry membrane (0.3 % v/v). This b_
general finding for such a wide variety of chemical compounds in vitro would flu!
suggest that all these drugs should have a similar action in vivo; this is not the me

case, however, p]i_
The purpose of this section is to review some of the reasons which have been e_

proposed to explain the central nervous system (CNS) specificity of these "non- o

specific" drugs. It seems that one should not stress the neuropharmacological
specificity of drugs. Frank and his colleagues (206-208b) have shown that low con-
centrations of a wide variety of lipid-soluble drugs can anesthetize isolated slabs

of cat cerebral cortex (see 207 for further references) as well as suppress motor
activity of mice. Rigid classifications of anesthetic and non-anesthetic drugs are r(
difficult to define (see 260, 269, 658). o

t_
A. Anesthetic combinations, and anesthetic selectivity arising through le

"sensitizadon" effects ._t

Experiment_ where combinations of anesthetics have been used (137, 162, 207, a_
208a, 410, 530) generally indicate that there are no special separate mechanisms

of action, or special classes of anesthetic. The simplest example is on the lobster p
axon, where the minimum blocking concentration (MBC) is 8.1 mM for procaine 2,
and 35 mM for benzyl alcohol (530); nerve block always occurred whenever the d:
sum of the ratios of the concentration of each anesthetic to its MBC exceeded n,
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; these unity, indicating that procaLae and benzyl alcohol acted in a simple additive way

mably 1 (530). Similar such experiments done for general anesthesia in m_n (137, 410) or
mem- I the rat (162) also indicate that simple additive effects are seen between ethylene

and halothane, xenon and halothane, N_0 and teflurane, fluroxene and halo-

drugs i thane, cyclopropane and teflurane, cyclopropane and halothane. The combina-
_. The _ tion of cyclopropane _th efhylene or _ith N_O, however, was not additive, there i

;his is being a small but significant antagonism (162). Non-additive combinations be-
rfaee- tween flurothyl (a convulsant) and various anesthetics have also been described

(106a). (See 221b for isobolographic results on combinations of chloral hydrate
_-pro- and ethanol; 649a for combinations of anticonvulsants.)
"pro- These combination experiments which are done in vivo rely on the very con-
very venient measurement of the minimum alveolar concentration (MAC) of anes-

thetic required to prevent the animal or man from moving in response to tail-

clamping in animals or a surgical incision in the case of man (172, 589a). Shim and
tgs Andersen (569a) have found, however, that the MAC which prevents response-
locks to-pain is not always the same as the MAC which produces loss of the righting
_rent reflex; the ratio between the former MAC and the latter MAC is not the same
_,the value for all the anesthetics.

anti- These results (569a) suggest that the anesthetics are producing at least two

anti- (or more) effects, the sum of which may differ, depending on the anesthetic or the
, for anezthetic combination employed. In addition to anesthetizing tissues and cells,

anesthetics can also cause "sensitization" (547; see later section). Cyclopropane
hetic is particularly sensitizing (487), thus counteracting or antagonizing its own
flock anesthetic effects or the anesthetic effects of a second anesthetic (162). If the

This basis of the sensitization effect is v/a increased neurosecretion Coy the direct
ould fluidizing action on the membrane, or by the anesthetic-in.duced increase in
,the membrane-bound Ca++ with an associated increase in stimulus-secretion cou-

pling), different combinations of anesthetics may lead to additive or non-additive
_een effects, depending on the combination of sensitizing and anesthetizing potencies
aon- of the drugs.
_c_
con- B. Selectivity arising from differential localization of anesthetics u.ithin
labs the CNS

Jtor The apparent specificity in vivo of some of the nerve-blocking compounds may
are result from the precise time and space distribution of the drug in various regions

of the brain (169, 246, 470). It is otherwise impossible to explain why two struc-
tural isomers, which both block nerve conduction (unpublished results in tiffs
laboratory), and which have virtually identical physicochemical properties, ]
should produce general anesthesia in one case (hexafluoroisopropyl methyl ether),

_07, and convulsions in the other (flurothyl) (334, 335).
_ms A second example wherein selective localization of an anesthetic must be im-
_ter portant is that of cMorpromazine. This drug is a potent local anesthetic (133a,

ine 249a, 571a) and suppresses the electrical activity of neurons when applied
the directly (77, 498a, 507a, 519a, table 5). Since the drug non-selectively blocksled

neurons directly and stabilizes membranes in a non-specific fashion identical to
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other local anesthetics (542, 556), the hypothesis has developed that the apparent
specificity of phenothiazines for antinausea and antipsychotic actions results from
a particular drug distribution into various brain regions (542). The different
distributions in vivo might arise because of slightly different physicochemical
properties. For example, although both chlorpromazine and thiethylperazine can
block nerve conduction, as well as protect erythrocytes from osmotic hemolysis,
thiethyI perazine distributes preferentially into the vestibular nucleus (146a),
this selective localization adequately accounting for the relatively specific anti-
nausea action of this drug. Since chlorpromazine readily adsorbs or desorbs to
various regions of the brain in vitro with equal affinity (349), the observed differ-
ences in chlorpromazine uptake by different brain regions in vivo must result
from different permeability properties of the blood-brain barrier to chlorproma-
zine. The apparent specificity of some potent neuroleptics (pimozide, spiroperi-
dol) on dopamine mechanisms may also be a result of selective drug localization
in certain brain regions (19).

It is possible that the local permeability barrier for the drug near the sodium
conductance channel may be different than the membrane permeability barrier
for the drug to enter the tissue or the cytoplasm. It has been found, for example, _'
that although the axoplasmic concentration of diphenylhydantoin attains 60 to
85 To of the external concentration, there is no effect on nerve conduction unless -_
all the surrounding axons axe carefully removed or the axon treated with snake E
venom (phospholipases) to break down the permeability barriers near the excit-
able membrane (277, 332a, 507). ]C

C. Selectivity arising from "cut-off" effects

As mentioned previously, anesthetic potency increases with lipid solubility. 10
There is invariabl] a point at which further increase in lipid solubility, however,
completely abolishes the anesthetic ability of the compound. This is known as
the "cut-off" effect. Ferguson (199) and Ferguson and Pirie (200) explained this
as being a consequence of the drug's low solubility in water such that insufficient l
quantities enter the animal to cause anesthesia. There is an optimum lipid
solubility, therefore, for any particular set of anesthetic congeners (93), and
Hausch and Glave (254) have studied this in considerable detail. The alkanes
(pentane, hexane, octane etc.), for example, are all anesthetic (214); the cut-off
occurs at decane which is not anesthetic (162, 425). The explanation for the cut-
off with decane may be the solubility characteristics of the all,she hydrocarbons
(208c, 390a-390c, 441a, 441b). The solubilities of the alkanes decrease until a F,c
minimum solubility is reached at about decane (208c, 390c), at which point a fact t
sharp discontinuity in solubility occurs (see fig. 12), the longer alkanes not aggre,
now existing in true solution (molecular dispersion) but present as aggregates in are fr
suspension (390c). The aggregates may be extremely large, since many are octan
filtered by a 0.45 micron-pored filter (390c). These aggregates may be difficult in the¢eutr,.
or impossible to absorb into the aqueous compartments of the body; they would extre'-
essentially be treated as foreign bodies by the cell membranes of the alveolar will b

cells lining the lung, which would phagocytose or pinocytose these aggregates;
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Fzo. 12. The alkanes, decane and higher, are not anesthetic. This may result from thetint a
fact that these long alkanes are apparently not in true molecular solution but present as

s not aggregates; square indicates solubility determination for decane from ref. 208c, circles
tes in are from ref. 390c. The membrane/buffer partition coefficients were determined from the
? are octanol/water partition coefficients (364) and dividing by 5. The anesthetic concentration
_cult in the membrane phase is equal to the partition coe_cien_ times the free anesthetic con-
could e,entration in molecular solution in the aqueous phase. Since the free concentration is

extremely low, the membrane concentration (as well as the membrane-occupying volume)
eolar willbelow.
_tes;

I
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the aggregates could not diffuse readily into the space between Schwann cells and elect
neurolemma; the aggregates would also tenaciously prevent single decane mole- men
cules from entering the water phase in molecular dispersion because of the strong men
total hydrophobic force of the ag_Tegate for the monomer molecule. In effect, corn
therefore, the cut-off for the alkanes may be explained by the aqueous phase as the :
being the barrier to the anesthetic action of decane. As can be seen in figure 12, no
the membrane/buffer partition coefficients of decane, undecane, etc., are very diph
high. Despite these high coefficients, the membrane uptake of decane and unde- (316
cane will be extremely low, since the partitioning only occurs between the mole- may
cules in free solution and the decane molecules in the membrane phase. Since the T
molecules in free solution must be extremely low (see fig. 12), the membrane con- fLrin

centration _qll also be low, regardless of the amount of time allowed for the _f_r
animal to equilibrate with the decane in vivo. phe_

These solubility discontinuities may also depend on the ionic strength, the
calcium concentration and pH of the aqueous biophase surrounding the nerve
cell membranes. For example, the long-chain fatty acids exhibit solubility dis- T
continuities which are pH-sensitive (498b); this may explain why cut-off occurs bar[
for the antihemoIytic fatty acids at around octanoic acid (511); this cut-off, of b

however, may also depend on the Ca ++ concentration in the medium (unpub-
fished results).

The long-chain all_ne alcohols do not exhibit any solubility discontinuities
up to about pentadecanol (498b); it is interesting to note that antihemolytic Dif

result
effects are also obtained up to about pentadecanol, at which point cut-off occurs
in t_lro. In vivo, however, the alcohols beyond dodecanol are not anesthetic (80). mem_

It is conceivable that there may be "local cut-off" effects within certain regions 1)

of the central nervous system. For example, the alcohol which diffused most memt
quickly into the abdominal nerve cord was butanol; the higher alcohols diffused as alr
at lower or identical rates to butanol (180). More theoretical and experimental 2)

work must be done on such problems, of t]--
3:

D. Selectivity arising from the negative charge of the anesthetic, such as tern

with ardiepileptics and barbitura_ is o:

It is known that negatively charged compounds (e.g., diphenylhydantoin, thethe
ref. 4) are particularly effective in blocking the spontaneous firing of neurons
made excitable by exposing them to a solution deficient in Ca ++ and Mg ++ (332a, larl:
418a, 507, 621). Diphenylhydantoin, trimethadione and phenobarbital, for exam- 4:
ple, have this antispontaneous-firing effect at concentrations which are 20 to 100 has
times lower than the concentrations which block conduction of the artificially- blo<

electrically-evoked impulse (507). It is interesting that adenosine triphosphate 436
(ATP) also has an antispontaneous-firing effect (341, 342, 453). The plasma- in fi
water or brain-water concentrations of diphenylhydantoin are of the order of _d
4 X 10-5 moles/liter which might be adequate to suppress spontaneous excita- _I
bility of this nature (87, 203, 315, 640). Uet

A possible membrane mechanism underlying this effect is that the negative cen
drug crosslinks with both Ca++ (or Mg ++) and the membrane, thus causing req
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s and electrical stabilization. A general discussion of ATP-Ca ++ complexes on the

mole- } membrane is given b_ Abood (1), the principles of which may also apply to the !trong !_ membrane action of negative anesthetics. The situation appears to be rather
_ffeet, complicated because the narcotic fatty acids (141, 524), as well as ATP, reduce

the membrane-bound level of Ca ++ (118, 547), while sodium pentobarbital hasze as

'e 12, _ no apparent effect on membrane-bound Ca ++ (547). Chronic treatment with
very diphenylhydantoin decreases excitability when subsequently tested in vitro
ande- (316); in addition to residual diphenylhydantoin remaining in the nerve, the drug i
mole- may have altered (increased?) the membrane-bound Ca ++ .
;e the The differential effects of these negatively charged anesthetics on spontaneous
_con- i firing (i.e., local generation of impulses) and on standard impulse conduction

r the i _mrms the idea that excitation-block and conduction-block are not the samephenomenon (286, 631, 633).

t, the i E. Selectivity arising from blockade of inhibitory cells
nerve

The well known excitation effects of anesthetics, including those caused by_,dis-
! barbiturates (167) or fluorothyl (334, 335), may be caused by anesthetic blockade,ccur8

tt-off, ! of inhibitory cells (109, 663).

lpub- t F. Sele_ivity arising from differential inhz_ition of pre- and po_tsynaptic
membranes

uities ! Differential effects of anesthetics on various regions within the CNS may_lytic
,ccurs result from different combinations of the following anesthetic effects on excitable

(80). membranes:

,,gions 1) Suppression of spontaneous generation of an action potential in the axon
most membrane. The negatively charged anesthetics are particularly effective here,
tused as already mentioned.

rental 2) Suppression of conduction of an action potential along axons or modification
of the conduction velocity of the action potential (614).

3) Suppression of invasion of the action potential into the presynaptic nerve i
terminals (82, 148, 379, 587, 588, 650). The work of Larrabee and Posternak (357)
is often cited as evidence that "synapses" are more readily blocked than axons;

xtoin, the results may also be interpreted as evidence that the impulses did not invade
arons the presynaptic terminals; a second difficulty is that some anesthetics (particu-

332a, larly the alcohols) sensitized or potentiated ganglionic transmission.
_am- 4) Differential suppression of excitability according to the axon diameter. It

o 100 has long been observed that there was a tendency for small diameter fibers to be

iany- blocked more readily than _'ider ones (27, 147, 151, 152, 161, 183, 220, 237, 389,
?hate 436-438, 477, 515, 631-633). An example from the work of Uehara (631) is shown
_ma. in figure 13,wherethe minimum blocking concentration of urethane is higher for
[er of wider fibers in frog sciatic nerve.
_cita- There are insufficient data on single neurons to conclude whether or not what

Uehara has shown for urethane is true for other drugs. It is kno_m that the con-

;ative centrations required for general anesthesia are about _o the concentrations

using required for local anesthesia, and an example (taken from Carpenter, 104, 105)

i
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Fro. 13. The left side shows that the sciatic nerve-blocking eoneentratious for the gas 10

anesthetics are about 25 times higher than those required for general anesthesia (adapted 1]
from ref. 104). The right side illustrates that the urethane concentration required to block
conduction in single frog nerve fibers was directly proportional to the diameter of the q
fiber (adapted from ref. 631); the dashed line indicates the relation after allowing for the
myelin thickness.

is shown in figure 13. If Uehara's results hold for other neutral anesthetics, T
general anesthesia and local anesthesia may be identical, except that in general 323,
anesthesia one is blocking certain neurons in the CNS which would be around 493:
J/_ to 1 # in diameter. Preliminary results in this laboratory, however, indicate 463,
that 15 to 20 #-wide fibers (rabbit or frog sciatic neurons; see table 5) are blocked re,

by chlorpromazine, methadone, barbiturates, morphine and benzyl alcohol at ar
concentrations which are four times those which block 0.85-t_-wide fibers (rabbit br

vagus C fibers). The aliphatic alcohols (ethanol, propanol, pentanol etc.), on the pc
other hand, block both 0.85-_ and 20-t_ fibers at almost the same concentrations, sp
Obviously much more experimental work needs to be done on this problem, be
wherein one tests the anesthetic susceptibility of a wide variety of neurons of a

wide variety of species. If, however, no nerve fibers (including those down to fit
less than 1 # wide) are blocked by concentrations of ethanol lower than 0.5 M di

(see table 5), it will be necessary to conclude that general anesthesia with ethanol pl
does not involve conduction blockade of any neurons within the central nervous in

system. Ethanol concentrations of 0.5 M are never attained in the plasma with- m
out killing the animal, ol

The low safety factor for impulse propagation in small diameter fibers may b]
explain why anesthetics block the invasion of the action potential into the pre- fc
synaptic terminals; it may explain why monosynaptie and polysynaptic reflexes b:
are blocked (149, 153, 651) since either small nerve terminals or small inter- rr.
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neurons are involved; it may explain why sensory input to dorsal horn neurons

i is suppressed, since small ceUs in the substantial gelatinosa may be readily i
affected (15); it may explain why the halothane requirement is high in newborns i
and low in elderly people (238), on the basis that extensive ramifications of

' i narrow neuron terminals develop in the first 3 years of life; and finally, it may i
explain why 0.5 M ethanol is required to block peripheral axons (see table 1),
but only _0 of this (0.04 M) to cause inebriation, general anesthesia and coma

(168,177,178,296). i
5) Diminished neurosecretion from presynaptic terminals (650).
6) Enhanced neurosecretion from presynaptic termlnA].q (488a).
7) Diminished re-uptake of neurotransmitter by presynaptic terminals.

Postsynaptic events:

8) Specific competition or antagonism of the neurotmnsmitter at the receptor
site for the transmitter (42, 43, 176, 192, 263, 478, 507).

: 9) Non-specific (hydrophobic) distortion or dysconformation of the receptor t
20 site of the transmitter.

10) Threshold elevation and electrical stabilization of the postsynaptic mem-
er,)_ brane, associated with suppression of the sodium-carrying system (30, 67, 77, 1
the gas 109, 139, 148, 470, 567, 587, 588, 606).
adapted 11) Possible suppression of electrical cell-cell communication (34a).m block ....

r of the G. Anesthetic selectivity arising because of hypothetical specific, receptors for

•for the anesthetics (tetrodotozin, steroids, progesterone, morphine,
tetrahydrocannabinol)

_hetics, There are specific receptors on the membrane for tetrodotoxin (13a-13e,
general 323, 431, 434); these are modified in the denervated membrane (13a, 13b; 256a,
around 493). Steroids and progesterone can act as anesthetics (134, 196, 244, 262, 460,

adicate 463, 557, 648), but it is not known whether these compounds have membrane
)locked i receptors specific for anesthesia. Since these compounds are very lipid-soluble

)hol at and surface-active (428a), since they suppress excitability of non-neural mem- 1
(rabbit branes (136, 645) and since they expand erythrocyte membranes (539), it ap-
on the pears probable that these anesthetic effects of steroids and progesterone are non-
•atioas, specific in the sense that the membrane concentrations of these compounds would
'oblem, be the same as those shown in table 5.

as of a The membrane action of two narcotics, morphine and methadone, apparently
)wn to fits the non-specific criteria (table 5). The analgetic potency of these compounds
0.5 M directly correlates with their lipophilicity (343), which indicates either a hydro-

._thanol phobic requirement to permeate tissue barriers, or a hydrophobic receptor site
Lervous in the excitable membrane. In order to explain the fact that/evo-rotatory opiate

with- narcotics are of the order of 10 to 40 times more effective than dextro-rotatory
ones, it is necessary to postulate that there are narcotic receptors in the mem-

rs may brane which are stereospecifie. Although stereospecific binding has been detected

he pre- for levorphanol (228), precise adsorption experiments in the author's laboratory
:eflexes have not revealed any stereospecific binding of /evo-methadone over dextro-

[ inter- methadone in brain homogenate or brain regions or isolated synaptosomes.

LL
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It is interesting to note that the active ingredient of marijuana, Al-tetra - ide_
hydrocannabinol, also has antihemolytic effects (117) and presumably, there- spcc
fore, can anesthetize nerve fibers. Some data for this compound are sho_a in abs_
table 5; the volume occupation in the membrane is low, 0.7%, but is of the
right order of magnitude, considering the approximate experimental value3 for
thiscompound. I

of :

H. Anesthetic selectivity arising from persistent binding in the nervous sys_m at

After asecond injection of reserpine, there is no correlation between spontaneous fou
motor activity and serotonin content in the brain (247, 384). Reserpine may am
have anesthetic-l_ke action on cell membranes, on the basis that it has membrane- "]
expanding action (556). Part of the explanation for the ability of reserpine to spr
reduce spontaneous motor activity is that it may act as an anesthetic with ste:
persistent binding (444). the

eth

I. Anesthetic selectivity arising from srereospecificreceptor sites in the (2__
membrane fro

One of the fundamental questions in the molecular pharmacology of the mem- an_
]brahe action of anesthetics is to determine the biochemical nature of the mem-

brane receptor site for these drugs. Since anesthetics act on pure lipid systems th(
(140, 466, 466a) as well as pure protein systems, it is likely that anesthetics di- to n.
rectly interact with both membrane lipid and protein rather than exclusively and anes
directly affecting only one of these membrane components, sinc_

If experimental evidence for stereospecific binding or stereoselective action on the
membranes were available, it would suggest that the anesthetic directly attaches the
to membrane protein sites. Enantiomer differences in potency have been found of a
with several anesthetics (99; see 512 and 609 for refs.), but on the whole the men
differences in anesthetic potency between optical antipodes of anesthetics are of van
the order of 1- to 5-fold (12, 13, 101, 279, 512, 646, 649)./kkerman et al. (11), rubt
for example, found that (-b)-prilocaine was between 1.5- and 3-fold more potent m_
than (-)-priloeaine in various tests for local anesthesia in rive, but there was no
difference in vitro. Part of the differences in enantiomer potency may be explained Al
by unequal drug availability at the site of action; this results from differential cy
rate of metabolism (lla) or unequal rate of absorption (11, 380a; see 512 for a_:

refs.)./_erman et al. (12, 13) found that the enantiomers of N-(7-diethylamino- el_
propyl)-l,2,3,4-tetrahydronaphthalin-l-spirosuccinin_de (or compound RAC

109) differ b_ up to about 5-fold in various tests for excitation-block potency, fo
including isolated single nerve and muscle fibers.

sc
The effects of enantiomers on various threshold phenomena seem to be stereo- dc

selective. For example, the RAC 109 enantiomers differ by 3-fold in elevating
the threshold in single muscle fibers, but there is no potency difference in inhibit- a:in
ing the rate of rise of the action potential of the same cell. The binding of the
RAC 109 enantiomers to membranes (erythrocyte ghosts or synaptosomes) is b,
identical (512). The adsorption isotherms of/eve-methadone and dextro-metha- h
done to erythrocyte membranes as well as synaptosome membranes are also
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_'-tetra- identical to within 0.5 % error (Seeman and Chau-Wong, unpublished). Stereo- l

, there- _ specific binding to albumi=_ is less than 2-fold for the barbiturates (86) and is
town in i absent for the standard local anesthetics (626).

3 of the _ Y. Membrane Expansion by Anesthetics
.luesfor _

It has long been predicted that biomembranes should expand in the presence ]
of anesthetics, on the bas;_ that anesthetics penetrate and expand films spread 1

system at the air/water interface (124, 125, 536a, 537, 557-559, 563). It has now been i

_taneous found experimentall_ that anesthetics do indeed expand biological membranes,

_e may and this is the subject of this section. I
mbrane- There is an extensive literature on the anesthetic-induced expansion of fihns ]

rpine to spread at the air/water interface. Some examples of this are the expansion of
Jc with stearic acid monolayers by alcohols and local anesthetics (72, 566, 576, 577);

the penetration and expansion of phospholipid and cholesterol monolayers by
ethanol and local anesthetics (88, 221), by tranquilizers (146, 154), by steroids

_e _ (221a) and by inert gases (48); and the expansion of lipoprotein films (extracted

from lung) by gaseous anesthetics (124, 125) or of nerve-lipid films by alcohols ]

m mem- and local anesthetics (578, 579). 1_emem- Bulk phases such as hexane, olive off or rubber also swell when gases or anes- ,

systems _ thetics become dissolved in these solvents or materials (359, 538). It is important _
etics di- to note that the swelling of these phases is approximately equal to the volume of

rely and anesthetic which enters the phase. (This is not true for biological membranes
since biomembranes swell approximately 10-fold more than can be explained by

ction on the volume of anesthetic molecules in the membrane phase.) For example, from
_ttaches the data of Larsen et al. (359) chloroform causes approximately 0.2 % swelling
n found of a rubber membrane when the chloroform concentration within the rubber
_ole the membrane is 0.05 moles per liter of rubber; the latter number corresponds to a
.'sare of van der Waals volume of about 0.21% (see table 5). The observed swelling of the

_l. (11), rubber is roughly the same, therefore, as the anesthetic volume occupation in the ._
potent membrane phase. '

;was no It is now kno_ that biological membranes are also expanded by anesthetics.

:plained All the evidence for such biomembrane expansion comes from work on erythro-
;erential cyte membranes. The validity of using these membranes to study the actions of
512 for anesthetics on excitable membranes has already been mentioned.
lamino- There are five types of erythrocyte experiments which indicate that anesthetics
d RAC elicit membrane expansion:

_otency, 1) Anti-_emolysis. This was first described in 1908 by Traube (622a), who
found that amyl alcohol inhibited the hemolysis of erythrocytes in hypotonic

•' stereo- solutions. Antihemolytic effects by various volatile anesthetics and urethane were

levating described between 1913 and 1932, and these are summarized in references 303a
inhibit- and 539 to 542. The antihemolytic potencies for about 110 compounds are listed

g of the in tables 5 and 8 (see also refs. 113, 211,249, 454, 525, 596).
_mes) is It was Ponder (480) who first suggested that these antihemolytic effects could
,-metha- be explained by an increase in the critical hemolytic volume which might occur

are also in the presence of "sublytic" concentrations of anesthetics.
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TABLE 8

Molaritie8 of neurotropic drugs which cause 60% antihemolysis (pH 1) (see also Table &)

Hallucinogens
LSD-25 (84*) 3 X 10-6
Methysergide (84.) 1 X 10-'

Euphoriant
AI-Tetrahydrocannabinol (l17t) 8 × 10- 6

_teroids, anti-inflammatory drugs
Pregnanolone (539.) 1 X 10- 6
Epipregnanolone (539*) 3 X 10- r'
Pregnandione (539*) 4 X 10- 6
Progesterone (539*) 7 X 10- 6
Etiocholsnolone (539*) 1 X 10-'
Androsterone (539.) 2 X 10-'
Testosterone (539.) 4 X 10-'
Mefenamic acid (318.) 8 X 10- 6 -
Flufenamic acid (291., 318.) 8-20 X 10- 6
Indomethacin (845) 1.5 X 10- 4

(291., 318.) 3-10 X 10- 4
Phenylbutazone (845, 415_t) 1-5 X 10-'

(291., 318.) 3 X 10- 4

Prednisolone tetrahydrophthalate (3*) 1.4 x 10-' by
Cortisol hemisuccinate (3*) 6 X 10- _ inc

Corticosterone (3*) 2 X 10-' (40
Dexamethasone (3*) 4.3 X 10-'
Oxyphenbutazone (318.) 1.5 X 10- 6 qu_

Antiarrhythmie am
Procaine amide (511.) 5 X 10- 6 an(

Antipyretics, antirheumatics ma

Sodium salicylate 018., 291.) 2-4 X 10-6 ,]

Acetylsalicylate (318., 291.) 1-3 X 10-' inc:Antihistamine

Promethazine (556.) 1.6 X 10- 6 t}
Detergents w

TritonX-100 (541.) 1.1 X 10-L

Na lauryl sulfate (541,) 6 X 10- j sl
Fat-soluble vitamin

Vitamin A alcohol (541-) 1 X 10-G c(
Fatty acids h,

Propionic acid. 5 X 10-'
Butyric acid (511-) 2.7 X 10-' b:

Valeric acid (511.) 5.8 X 10-_ m

Hexanoic acid (511.) 4.3 X 10- 6 h,
Stearie acid (541.) 8 X 10-6

A drenergie blocker w
Propranolol (509.) 2.5 X 10-' w

Vasodilator al
Prenylamine (239., 405.) 1.5 X 10- 6

Antidepressant t[
Imipramine (155.) <1 X 10-s

Tranquilizers w
Chlorpromazine (350*) 1 X 10-6 gi

(1555) 1.9 X 10-5 w
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TABLE 8---Continued i

"abl6 5) _, Fluphenazine (556*) 4 X 10-e I
(155:D 1 X 10-6

10-s f Prochlorperazine (556*) 1.6 X 10- s _ !

i (155._) 6 X10-e .t10-4 Butyrylperazine (556*) 1 X 10-s10-0 ' Reserpine (556*) 1.6 X 10-s
Thioridazine (556*) 5 X 10- _ _ :

10-' (155_) 5 X 10-' 1 t10-6 Trifluperazine (556*) 1.2 X 10- s
10-5 (155_) 6 X 10-*
10-8 Haloperidol (556*) 2.2 X 10-5 i
10-4 Promazine (155:[:) 2.8 X 10- 5
10-' Triflupromazine (1555) 1.1 X 10-s !
10-_ Perphenazine (155;D 1.5 X 10-' i
10-5

10-' * Human erythroeytes, t
10-' t Rat erythroeytes.
10-' :_Dog erythrocytes.

10-' :1
10-' 2) Critical hemolytic volume experiments. Ponder's hypothesis was confirmed a
10-, by Van Steveninck et al. (350, 596) who reported that 10 -4 5t chlorpromazine l
10-, increased the V_ (critical hemolytic volume) by about 10 %; Barac-Nieto et al.10-,
10-, (40) found that triton X-100 increased the V¢. Seeman et al. (551) worked out the
10-, quantitative relation between the anesthetic-induced increase in V_ and the

amount of membrane expansion in square microns; at 50 % antihemolysis by any

10-a anesthetic, the membrane area of the intact erythrocyte expands by approxi-
mately 2 to 3 %.10-z

t0-a The anesthetics do not protect the erythrocytes from osmotic hemolysis by

increasing the prelytic leakage of K+ (510), which is normally about 10% of I
t0-5 the intracellular amount (103, 494, 554). Very high concentrations of anesthetics, .

within 0.5 of the lyric concentration, do cause prelytic leakage. :{
to-, The anesthetics do not protect the erythroeytes from osmotic hemolysis by _
tO-' slowing dov,-n the straiifing rate on the membrane (554), since it is "known that t ]
tO-, cells hemolyse at the same Vo whether they undergo slow-hemolysis or rapid- ]

hemolysis (375, 554).

tO-, The 2 % to 3 % expansion of membrane area (at 50 % antihemolysis) is obtained

10-, by three different procedures wherein the Vo is measured: by Coulter counter[0-8
.0-, methods on intact cells, by means of Van Allen hematocrit tubes or by micro-
L0-' hematoerit capillaries (551). The maximum amount of membrane expansion

which occurs at high concentrations of anesthetics is 5% to 7% (510, 551) at

0-, which point the membrane "buckles" inward or invaginates if the anesthetic is
an amine (540, 544).O-i

The anesthetic-induced expansion increases the surface area/volume ratio of

0-s the cell. According to the results of others (131; see refs. in 551), erythroeytes 1
with higher area/volume ratios should be associated with a lower osmotic fra- |

0-J gility. It would be'interesting to know whether high atmospheric pressure (198)

0-s would prevent this anesthetic protection of erythroeytes. 1
-!
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3) Membrane expansion of erythrocyte ghosts. The addition of anesthetics to

spherical erythrocyte ghosts (550) enlarges the spheres (see figs. 1B, 2B). The an
membrane expansion amounts to 1.5 to 3 % increase in area at nerve-blocking lo_
concentrations (table 5). The entire population of different sized erythrocyte re,
ghosts is expanded by the anesthetic (510); this holds for neutral, positively- va

and negatively-charged anesthetics, cy
4) Membrane expansion of individual cells. By direct measurement of the sur- wi

face area of individual erythrocytes, Shrivastav and Burton (570) found that no
0.004 % Tween 80 expanded the membrane area by 14 %. h:_

5) Anesthetic-induced changes in erythrocy_ shape. Qualitative evidence that etl
anesthetics expand membranes comes from the shape-changes brought about of
by these compounds (248, 249, 350, 480, 551, 570). The negatively charged anes-
thetics tend to form crenated cell membranes (157), while the neutral or posi- _i

tively charged anesthetics tend to form cup-shaped (157, 350, 540) or "dog-bone- m_
shaped"cells(570). an

Some of the anesthetics, such as chlorpromazine, also reduce erythrocyte by
sickling (257, 373, 391); to be clinically effective, however, it requires very large vo
doses of chlorpromazine in order to maintain high membrane-expanding con-
centrations in the aqueous and membrane phases (458, 492).

Qualitative findings suggesting membrane expansion have also been found by A
electronmicroscopy where it has been observed that chlorpromazine (540) or lowi
primaquine (223) cause membrane invagmation without requiring any ATP 1_
(eft 473). the

nlCl_

A. Comparison between _embrane expansion, and the membrane-occupying 2:
volume of the anesthetic 3 _

In trying to understand the events in anesthetic-induced membrane expansion, Pan
the simplest mechanism to be considered first is that of an increase in the volume forn

of the membrane as a result of the "burying" of the anesthetic molecules right hy
into the membrane (423_25). er?

It turns out that the amount of membrane-volume expansion or membrane- in(
area expansion is of the order of 10 times the bulk volume of the anesthetic br:
molecules which are absorbed in the membrane phase. The membrane-area br:

expansion is of the order of 2 to 3 % under conditions of local anesthesia (see de.
previous section); a 2 % expansion of membrane area is associated _dth a 3.5 %

swelling of the membrane volume, assuming uniform swelling in all directions, an
The anesthetic volume occupying the membrane phase, however, is only about po
0.3 % (see table 5); in fact, this latter value is probably closer to about 0.25 % if me
the anesthetic volume is expressed as cm 3 per kg of hydrated membrane, rather aJt

than dry membrane. (The membrane is about 30 % hydrated; see refs. in 346.)
Under conditions of general anesthesia, membrane expansion is also about 10 pl:

times greater than the bulk volume of the anesthetic molecules in the membrane, br_

For example, it has been found that surgical concentrations of halothane, chloro- sp:
form, ether and methoxyflurane expand human erythrocyte membranes by ad
around 0.4 % in area (552) (which is equivalent to about 0.6 % increase in mem- ri_
brahe volume). C_:
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cries to Pressure reversal of anesthesia. It is also known that high atmospheric pressure

B). The antagonizes or reverses general anesthesia (186, 250, 310-313, 367, 400) as well as
_locking local anesthesia (594). Lever et al. (367) have calculated that the pressure which
hrocyte reverses general anesthesia is associated with a compression of about 0.4 %, a
;itively- value identical to that found for the anesthetic-induced expansion of the erythro-

cyte membrane under conditions of general anesthesia. The volume of anesthetic

ihe sur- which occupies the membrane under conditions of general anesthesia, however, is
_d that not 0.4 %, but around 0.02 % or less (see tables 6 and 7). Johnson et al. (313a) l

have evidence indicating that pressure reversal of anesthesia (caused by ethanol, i
ce that ether, butanol, pentobarbital or chloroform) is not explained by a squeezing out
; about ofmoleculesfromthemembranes.

It may be concluded, therefore, that the presence of an anesthetic molecule i
d anes- _
)r post- _ within the membrane phase expands the membrane by approximately 10 times !

! *
_-bone- i more than its van der Waals volume. (This is very different from the case of [

' anesthetic-induced swelling of rubber (359) or the swelling of olive oil and hexane t

Lrocyte ! by gases (538), where the amount of swelling is essentially accounted for by the
y large volume of molecules dissolved therein.)

g con- i
B. Molecular mechanisms of membrane expansion by anesthetics

md by Anesthetics might expand biological membranes by combinations of the fol-
,40) or lowing possible mechanisms:

• ATP 1) The anesg_etie occupies space within the membrane phase. As just discussed,
the volume-space occupation cannot account for more than 10 % of the observed
membraneexpansion, i

in_? 2) Disordering and expansion of lipid regions of membrane. (See section VI.)
3) Membrane expansion by anesthetic-induced ice formation in the membrane.

,nsion, Pauling (471) and Miller (411) have suggested that anesthetics induce ice
olume formation within or adjacent to the membrane phase. No direct test of this
_right hypothesis has yet been made, but Seeman et al. (555) have found that the

erythrocyte permeability to water (the hydraulic permeability coefficient, Lp) is
)rane- increased by anesthetics. Since it is thought that Lv reflects the amount of mem-
thetie brane hydration, membrane expansion may result from a small increase in mem-
o-area brane water. High atmospheric pressure may reverse this by dehydration or

(see decomposingthe ice (589).

3.5% 4) Aneslhelic-induced conformation changes in membrane proteins. Since
tious, anesthetics are known to produce conformation changes in proteins (35), it is
_bout possible that the membrane expands as a result of distortion or expansion of the
5% if membrane proteins. High pressure reversal may be associated here _vith an

ather altered state of membrane protein-protein interactions (22).
:6.) 5) Anesthetic-induced alteration in membrane-Ca ++. The anesthetic might dis-
ut 10 place some membrane-associated component which normally keeps the mem-
rane. brahe in a condensed state. It is known that Ca++ condenses lipid monolayers
doro- spread on a Langmuir trough (see 258 for refs.). It is also known that when Ca ++

by adsorbs to the cytoplasmic aspect of the membrane, the membrane becomes
nero- rigid and difficult to deform (652). Chlorpromazine displaces membrane-bound

Ca _" (see fig. 2D) and could, therefore, readily expand the membrane in this
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way (347). Neutral anesthetics, on the other hand, increase the membrane- il,
bound Ca _-_ (see fig. 1D; 118) even though they, too, expand the cell membrane, at
In general, chlorpromazine produces a greater amount of membrane expansion

than do the alcohols; this might be explained by the fact that the alcohols do not cr:
displace membrane-bound Ca ++, but the anesthetic amines do. I_,.

6) Aasorption-ex_nsion hypog_esis of Schneider. Anesthetics might adsorb

to the membrane, altering the amount of water in contact with either side of
the membrane, and consequently altering the interfacial tension at the mem-
brane-water interface. The net result of these effects would be for the membrane br

to undergo extension (see ref. 532). az
7) Anesthetic inh_7_ition of contractile enzymes or proteins in the membrane, tr,'

One of the mechanisms of anesthetic-induced membrane expansion might be er:
that the anesthetic inhibits a contractile membrane-associated ATPase. The br

evidence for such proteins is still not clearly established (75, 465, 661). It has dc
been shown by Landmark and Rye (353) that the phenothiazine local anesthetics
have membrane-expanding actions at concentrations which only very slightly
inhibit the membrane's (Na+-K+)-ATPase.

If membrane narcosis results from a membrane expansion, and if an elevation
in temperature elicits membrane expansion (375, 545), then why does not a rise ac
in temperature by itself induce narcosis? The answer may be that the anesthetic mi

induces and apparently primarily expands the hydrophobic regions of the mere- yicl
brane, whereas heating the membrane merely causes increased disorder and hyd

expansion of all membrane components, po]_:
quc:

VI. Membrane Fluidization and Membrane Disordering by bei_
Anesthetics thct

Anesthetics cause a "loosening" of the components of the membrane. This _ho_
may be referred to as a fluidization or disordering of the membrane (396-398). a d_.

The membrane-fluidizing effects of anesthetics fall into the follo_4ng categories: (50(
ch

A. Increase in anesthetic mobility within the membrane tic

The mobility of anesthetic molecules within the membrane can be monitored

by nuclear magnetic resonance relaxation (396-398). At low concentrations the tr_
anesthetic is strongly immobilized by the membrane structure. For example, the I)_
rotational relaxation rate of benzyl alcohol in free solution in the absence of flu
membranes is 1.73 sec-_; the value for benzyl alcohol relaxing within the mem- ne
brane is 570 sec -_, indicating a restriction of molecular motion of the anesthetic (5!
in the membrane (398). [The relaxation rate of benzyl alcohol dissolved in corn
oil is 8.9 sec -1 (ref. 398).]

At. anesthetizing concentrations of bensyl alcohol, the mobility of the anes-
thetic in the membrane increases to a maximum value of 189 sec -t for the relaxa-

tion rate. Examples of this effect for the aliphatic alcohols are illustrated in m(
figure 1C. It can be seen in this figule that at the sublytic or lyric concentrations aE_
of the anesthetics the mobility of the anesthetic molecule once more becomes 27
restricted. This latter effect may be adequately explained by evidence which br
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_brane- indicates that anesthetic-binding sites in the membrane protein are unmasked _ t
nbrane, at lytie concentrations of anesthetic (398).

_ansion ! These mobility effects occur in a variety of biological membranes, including .1i 0
_do not I erythroeyte ghosts, synaptosomes, m;:elin and vagus nerve membranes; both t

neutral and charged anesthetics are effeeAve (397).adsorb
side of B. Altered membrane theology in the presence of anesthetics i

mem- Very little work has been done on the rheological characteristics of the mem-

nbrane brahe in the presence of anesthetics. There is suggestive evidence that chlorprom-
azine increases membrane deformability (76), and that cyclopropane concen-

nbrane, trations higher than 20 mg per 100 ml (5 mM) increase the yield stress of human
ght be ' erythrocytes (26)" this latter effect may be related to a fluidization of the mem-,

e. The brahe. There is need for a systematic study of anesthetic action on membrane i::
It has deformability by the techniques described by Weed et al. (652). _

thetics ! i
_lightly C. Anesthetic-induced changes in the state of g_e men_brane, as monitored f "_

by fluorescen.t hydrophobic probes :_

_vation The properties of fluorochromes, such as 8-anilino-l-naphthalene sulphonic l
a rise acid (ANS) are such that they are sensitive to the hydrophobie nature of their _ 1

sthetie microenvironment. When they bind to the membrane, measurement of quantum _: °

mere- yield and wavelength of maximum fluorescent, emission give information on the

_r and hydrophobic nature of their binding site; measurement of excited-life-times and I
polarization gives information on membrane fluidity; and energy-transfer-

quenching given information on the protein-probe interaction. They are currently i
being used to monitor alterations in membrane substructure caused by anes- r

thctics (195, 590a, 590b). A sample of the type of result with this technique is i
• This shown in figure 1C, where low concentrations of the alcohol anesthetics produce l

-398). a decrease in ANS fluorescence, and high concentrations enhance the fluorescence

_-ories: (509a, 590c). These effects are interpreted by Spero as a membrane structure i: i

change in the number of available sites for ANS, and probably reflect conforma-
tion changes in membrane protein.

itored Modification of energy transfer between membrane protein tyrosine and , 1

as the tryptophane groups by anesthetics supports this view (509a). In addition, com- l
[e, the parison of the effects of different anesthetic families, on a number of different

_ce of fluorescent parameters, suggests that their binding sites are not identical, and i_

mem- neither is the extent of the hydrophobic membrane perturbation they induce 1

thetic (509b). ti corn
D. Anesthetic-induced fluidization of biomembranes, as monitored by

anes- electron spin resonance techniques

_laxa- The mobility of nitroxide-containing compounds _4thin the membrane can be

ed in monitored by electron spin resonance methods, and the membrane effects of
ttions anesthetics using this approach have been reviewed (396). Hubbell et al. (279a-
_omes 279c) have found that anesthetics cause a melting or disordering of the mem-
vhich brahe such that more hydrophobic molecules enter into the membrane's hydro-
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phobic regions; the spectra of the nitroxide molecules _lthin the membrane tu
phase indicate that the anesthetics increase the molecular freedom of motion in lit
the membrane. Trudell et aI. (624a) found that halothane and methoxyflurane th
decreased the ordering of lipid within the bilayer structures; increased atmos- ne

pheric pressure (in the presence of anesthetics) restored the ordering of the th
molecules, ca

The sulfhydryl groups of the membrane (tagged with a spin-labeled iodoacet- ck

amide), on the other hand, appear to become less mobile and more inaccessible m:
in thepresenceofanesthetics(275). br

ir_
E. Effects of tranquilizers and anesthetics on the viscosity and fluidity of

as_

lipid monoIayers and membranes 13

The phenothiazine tranquilizers increase the surface viscosity of lecithin and a_:
cholesterol monolayers at the air/water interface in the absence of Ca _- (537). ti(
This increase, however, is much smaller than that caused by the addition of Ca++ se
to the lecithin monolayers (537). Because tranquilizers readily displace mem- th
brahe-bound Ca-H- (347), these drugs would be expected to reduce the surface tk

viscosityof lipidfilmsif studiedin the presenceof Ca++. sit
Johnson and Bangham (312) found that butanol, chloroform and ether (all at a[

concentrations which cause local anesthesia) increased the entropy, AS, of lipo-

somes by approximately 2 calories per degree, evidence compatible with the hig

general viewthat anesthetics disorder membrane lipids, rcs_
More direct evidence for lipid disordering comes from ESR studies on the stu

effect of alcohols on oriented lipid multibilayers, wherein erythrocyte and brain _r:
lipids contain a small amount of added spin-labeled cholestane (469). An example (3S
of this from the work of Paterson et al. (469) is shown in figure 1F, where the

per cent change in B/C of the ESR spectrum of the spin-labeled cholestane is
shown; B and C are the amplitudes of the two hypmfine splittings of the spec....
trum and which are separated by 7 gauss. A depression in B/C indicates that of t

abh
the cholestane became tilted away from the normal position perpendicular to
the multibflayers. In addition to those alcohols shown in figure IF, thymol,
benzyl alcohol, promethazine and chlorpromazine had the same type of effects

(469). Cuthbert (140) has reviewed the actions of drugs on membrane lipids.
r(

F. Ultraslructural evidence for membrane fluidization by anesthetics w

The author's current work, _dth freeze-fracture electronmlcroscopy (547a), n,
indicates that higher concentrations of the amine anesthetics, including the h:
phenothiazine tranquilizers, rearranges the membrane globules (each about 80 A _
in diameter) into groups, leaving large globule-free zones of membrane which n
invaglnate, n

o

G. Anesthetic-induced changes in the fluidity of membrane wa_r s:

It has been suggested that anesthetics induce ice, clathrates (171), or mixed-
clathrate (133) formation of the raembrane-a_ociated water (107, 120, 121, o
173, 411, 412, 471) in cooperation with protein side-chains (307). There is vir- 6
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_brane tually no direct experimental evidence (197) to support this interesting idea. The

ion in little evidence that does exist suggests that the anesthetics "melt" or fluidize !
urane i the membrane-associated water. For example, Seeman el al. (555) found that
tmos- _ ii neutral or charged anesthetics increased the hydraulic flow of water molecules
)f the _ through the erythrocyte membrane. Sch,_enborn et al. (534), on the other hand, _ _

calculated that increased by 15 % the irrotationally bound water t
xenon asso o

oacet- elated with hemoglobin. It has been found that procaine increases the proton _
_sible magnetic resonance (Phig) lme-width of the water protons (212). Although this

i broadening in line-width is compatible with an increase in water viscosity, it is _ i

i impossible to decide whether this has anything to do with the state of membrane- _ I
associated water since only a small fraction of the cell's organized water (114, , I

132, 213) can be associated with the membrane (less than 1%). The study of _ iand anesthetics on the water fluxes across tissues also provides inadequate informa- _i

(537). tion (50, 51, 642), because water movement primarily occurs between cells, and _i
Ca ++ secondly, the anesthetics reduce the spontaneous motion of cells and thus reduce ! .i

mere- the mixing efficiency around the cells. Experiments involving temperature varia- i !
lrface tions (569) in the presence of anesthetics are also virtually impossible to interpret i i

since the baseline properties of the membrane also vary with temperature in the _
[all at absence of anesthetics (115, 116, 243, 271, 375, 383, 500, 594). i

lipo- In order to settle this question, it will be necessary to add anesthetics to a i !
h the highly concentrated suspension of membranes having 70 % membrane solids, the i_ • _"

rest being water all of which would be associated with the membrane; PMR _,

n the studies under these conditions should prove fruitful. It may then not be neces- i

brain sary to use D-.O which antagonizes the anesthetic potency to varbing extents I
_mple (380).
:e the

_ne is VII. Anesthetic Actions on Membrane Proteins and Enzymes _
spec- ... the way in which anesthetics act on the nerves . . . consists in a semi-coagulation . . • t
that of the nerve cells, a coagulation which would not be permanent, the anatomical unit being _:

Jar able to return to its normal state after the toxic agent is eliminated.to
Claude Bernard,

ymol, Lemons sur les anesth_siques et sur l'asphyxie, 1875 (see ref. 363) i

_ffects
_. Claude Bernard's idea of "reversible coagulation" is in modern terminology .._

referred to as reversible conformation change in proteins. It is still not clear t
whether the anesthetic actions

on membrane-associated enzymes are actually I
_47a), necessary for the inhibition of the nerve impulse, since _ueller and Rudin (421)
g the have found that local anesthetics WIU block action potentials of lipid bilayers to }
80 ._ which only non-enzymatic protein has been added. Nevertheless, there can be

,vhich no doubt that the overall, non-electrical responses of the cell or the tissue very
much depend on what the anesthetic does to enzyme systems, such as the arrest
of mitosis by anesthetics (14, 15, 85, 445). The anesthetic action on enzyme
systems has been pioneered and reviewed by Ouastel (489).

fixed- Although there are a number of studies describing the binding or adsorption

121, of anesthetics and tranquilizers to pure proteins (108, 188, 189, 305, 388, 533,
s vir- 664), there is very little information available on the adso_l_tion of anesthetics



i TABLE9
Stimulation andor inhibition of membrane-associated and soluble enzymes by anesthetics

andtranquilizers

Stimulation Inhibition to t

_ tcir:
_ Na+-K+-ATPase Deox-5_cholatc (314) Promazine (144, 353)

Dodeeyl sulfate (314) Thioridazine (144, 353) ¢o("
Lubrc 1 (314) Chlorpromazine (9, 10, 28, m2.1
Pentobarbital(359) 122,144,501) thc

_ Dibucaine (20) Imipramine (28, 122, 144) of

Tetracaine (20) Desipramine (28) (¢.g
i N2(623) Procaine(20) 2
' Triton X 100 (78) Dibucaine (20)
! Diphenylhydantoin (60, Tetracaine (20) the_

201,227) tIaloperidol(630) exc,

Barbiturates (122, 359) equ
:!_ Diazepam(630) 50,

i Diethylether (629) ,]

}Ialothane (629, 359)
Alcohols (297,298, 317, 625) rob
Kr(232) rea,
Xe(232) teix

t N_O (232, 233)
: Fattyacids(141) lar_°f
:_ Cyclopropane (623)

'_. Mg++-ATPase Alcohols (612, 613) Amytal (662)
l'eI

"_ Ether(202_ Promethazine(662) chan
Mitochondrial ATPase Phenols (600) Italothane (583) pero:

Phenols(601) hibit

i Cholinesterase High surface N_O, Xe, SF6, Kr (535) form.
pressure(580)

Adenylcyclase Alcohols(231) Propranolol(506,568) inter.
] Dodecyl sulfate (474) Fhenothiazines (634a) choli

Chlorpromazine(666) Si.'

Thymol (666) pres_
TritonX-100(474) thcii

Adenylatc kinase Chlorpromazine (501)
Luciferase N_O (251) enz

Diethyl ether (251,627,654) re_T
Halothane (251,627, 654) per
Cyclopropane (654) "]

Chloroform (251,654) alt]

Oxygenconsumption Miscellaneous(355,358) ((il
NADH-CoQreductase Halothane (256)
Tryptophanoxygenase Chlorpromazine(426) ha_
])-Amino acid oxidase Phenothiazines (406) pc:_
Lipoamide dehydrogenase Phenothiazine sulfoxides b]o

(406) COX
Phosphotransferases, phos- Triton X-100, cetrimide

phohydrolases, pyrophos- deoxycholate, tweens, no,.
phatases Nalaurylsulfate(584) wh

Cytochromeoxidase Ethylearbamate(326) tiz!
Formamidase Alcohols (536)
Invertase Propane(381)

CytochromeCautoxidation Alcohols(322) (
Aniline hydroxylase ttalothane (635)

Methoxyflurane(635) triL
Trichlorethane (635)

624
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to proteins isolated from membranes. 5Ietcalfe ctaI. (398) found that such pro- t
" teins, extracted from erythrocyte membranes, Md a much higher partition i'

)53) _ coefficient for benzyl alcohol than the native membraue; this suggested that Ii _
10, 2s, many of the anesthetic binding sites of the membrane protein were masked when l !

the protein was in its normal location in the membrane. The partition coefticivat ! i
144) i of an anesthetic in soluble proteins is generally less than that in the membrane _ !P

(e.g., 345).
There is practically no information on the conformation changes which anes- I

thetics induce in isolated membrane proteins (but see 398), although there are I '!
excellent studies available on such changes (alpha and beta helix content, H+- i

_9) equilibrium, ultraviolet absorption etc.) in pure proteins and polypeptides (35, t _,

59, 290, 308, 351,653, 665). IThe anesthetic-induced expansion of the membrane is 10 times the anesthetic !

tT, 625) volume of occupation in the membrane. The membrane event which could most _

readily account for this would be a conformation change in the membrane pro- f i

teins and enzymes. Eyring's rate theory (see 186 for refs.) predicts that the rate f ":of a reaction is associated _th a volume change upon activation (AV); if AV is

large then the rate of the reaction would be sensitive to atmospheric pressure. _._ i
Penniston (472) has found that high atmospheric pressure causes conformation

changes and stimulates enzymes which are protein monomers (e.g., trypsin, [
peroxidase etc.); multimeric enzymes, such as the membrane ATPases, are in- t

hibited by pressure, and Penniston explains this as not resulting from con- I
_5) formation changes but from dissociation of the protein-protein non-covalent

_) interactions. Physical compression of a monolayer (i.e., high surface pressure) of
) cholinesterase at the air/water interface stimulates the enzyme (580). _

Since pressure antagonizes the membrane action of anesthetics, and since !
pressure can inhibit or stimulate enzymes (472), it is not surprising that anes- l

thetics can also either inhibit or stimulate membrane-associated or soluble Ienzymes (see table 9). The activation of some of the membrane enzymes may

_7,654) result from the membranes (usually in a closed vesicular shape) becoming more i _

654) permeable to the substrate (78, 314). ! tThe membrane Na+-K+-ATPase normally is not electrogenic in nerve cells,

although it can become electrogenic immediately after a tetan_e train of stimuli [
58) (611a). Complete inhibition of this enzyme by ouabain in peripheral nerve fibers

has no effect on the electrical properties or excitability of the nerve cell. It ap-
pears unlikely that this enzyme is involved in the basic mechanism of anesthetic

ides blockade, since direct application of ouabain to nerve-tissue invariably produces
convulsions (52, 370). Another reason is that the membrane-expanding (and f:
nerve-b|ockJng) concentrations of the phenothiazine tranquilizers occur at levels
which only inhibit the Na+-K + ATPase by about 1 to 5 % (353). Itigh, anesthe-
tizing pressures of N2, in fact, stimulate the Ns+-K + ATPase (318a).

VIII. Anesthetic Actions on Membrane Calcium

Ca ++ serves at least four roles in membrane function: 1) It is required for elec-
trical stability of the cell membrane (see refs. in 430); 2) Ca ++ influx partly con-



626 S_._M_N

effects of anesthetics on muscle membranes

1) narcosisof sarcolemma "_

, . _ ,_ f2) blockefcontracture I
3) calcium u_splacemen[ II II b .....

by anesthetics(__ __,_i_)anestnetlcs i(
lanesthetlcsreleasecalcium l

[ ...... !
(

L __ q

Fro. 14. A diagrammatic summary of the various actions of anesthetics on muscle mem-

branes. 1) the sarcolemma excitability is blocked; 2) the cationic anesthetics adsorb to the
reticulum membrane, preventing release of Ca++ and thus stopping muscle contracture;
3) the cationic anesthetics displace sarcolemma-bound Ca++, blocking stimulus-response ]
coupling; 4) the neutral anesthetics (e.g., halothane, alcohols, or uncharged form of anes-

thetic amines) increase the release of Ca÷+ from reticulum, thus tending to promote con- a_
tracture, in

tributes to the inward current of the action potential (34, 430); 3) Ca++ is needed nc

to couple the electrical events of the membrane to the physiological response of th
the cell (55, 56, 165); 4) intracellular Ca ++ may regulate the permeability of the al,
cell membrane for both ions (655) and neutral solutes (274). Anesthetics inter- m

ferewithall theseevents, as summarizedin figure14. ri_
cc

A. Displacement of membrane-bound Ca ++ by the anesthetic amines

The local anesthetic amines (procaine, chlorpromazine, tetracaine, quinidine) I
readily adsorb to biomembranes and compete with and displace the membrane- ]

bound Ca++ from the fixed negative sites of the membrane (70, 193, 347); one
membrane-bound calcium ion competes with two amine molecules (347). An ex-
ampleof this displacementis shownin figure2D. J

Although the majority of the membrane-bound Ca ++ is associated with mem-

brane protein (206), there are no studies describing the interaction of anesthetics

with membrane-protein-bound Ca++. There is considerable work demonstrating
that anesthetics displace the Ca "H- adsorbed to phospholipids; this occurs with

propranolol (440), all narcotic amines (422), proc._ine-type anesthetics (63, 66,
190, 191, 258, 448). The anionic anesthetics (barbiturates, fatty acids), on the
other hand, increase the binding of Ca ++ to phospholipids, as would be expected
from a fixed charge point of view (63, 66). These competitive phenomena may be
the basis for the competition between Ca ++ and procaine on the excitable mem-
brane (65).

i
.{
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B. Inhibition of stimulus-response coupling by amine anesthet;cs

1i Since Ca ++ is required for excitation-contraction coupling (55, 56) and stimulus-
! secretion coupling (165), and since the amine anesthetics displace plasmalemma
i Ca ++, this may partly explain the inhibitory effect of local anesthetics, propranol_! i

i and chlorpromazine on adrenomeduilary secretion (303, 513, 514), and the
inhibitionof the contractileforceofmuscle(354).

C. Membrane-bound Ca++ is increased by neutral anesthetics which sensitize nerve 1
or muscle

There are four types of "sensitizing effects" which anesthetics elicit by their i
membraneactions: !

1) Low concentrations of various alcohols and volatile anesthetics can sensitize ]

or potentiate contractions of muscle to drug or electrical stimulation (184, 302, !
321, 441, 487, 491,518-521, 591, 622). !

2) Alcohols, phenols, acetone and other volatile anesthetics increase the fre-
[e mem-

btothe quencyofminiatureend-platepotentials.

racture; 3) The volatile anesthetics sensitize mechanical stretch receptors and afferent 1
'csponse nerve endings (464, 656, 657). l

of anes- 4) Neutral anesthetics, including both the volatile compounds and the local !
_tecon- anesthetics in their neutral form, can produce muscle contracture, particularly

in the presence of caffeine (55-58, 193, 320, 599).

The first three sensitizing effects may be partly explained by the fact that many
needed neutral anesthetics increase the binding of Ca++to the cell membrane (175, 547); t
onse of this occurs with alcohols (175, 547), ether, chloroform, acetone and benzyl
r of the alcohol, and examples of the effects of alcohols are sho_a in figure 1D. The I
s inter- membrane-bound Ca++ is very sensitive to acetone and to the lower alcohols,

rising by 6 % at 0.09 g % ethanol (20 raM) which is the intoxicating plasma con- t
centration of ethanol. |

It is not yet kno_ whether the anesthetic-induced increase in membrane- l t......
nidine) bound Ca++is an increase in the binding to membrane protein or the membrane 1

lbrane- lipid. Seeman et al. (547) have found that ethanol increases the membrane affinity I i
7); one for Ca++, rather than increasing the number of binding sites. This increased _.
An ex- affinity can be explained by a conformation change in membrane protein, but can _ .]

also be explained by an altered spacing of the negative sites of phospholipids !i1 mem- toward the optimum spacing of 9.6 A for binding the hydrated calcium ion (258). :
;thetics Thyrum et al. (617) have found, for example, that these sensitizing neutral i:
trating anesthetics can increase the binding of Ca++ to interfacial phospholipid films.
rs with

163, 66, D. Effects of anesthetics on Ca ++ fluxes across plasma membranes

or. the There are not many studies of the effects of anesthetics on Ca++ fluxes across

_ected cell membranes. The major difficulty is to be able to distinguish between the effect
may be of the anesthetic on the fluxes into (or from) the membrane-bound pool of Ca++,

mere- and the transmembrane fluxes of Ca++ into (or from) the cytoplasm (138, 319).
The concentration of Ca++ in the membrane phase is generally about 10 to 20
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times higher than that in the cytoplasm (118), and this fact must be considered

in interpreting the findings. For example, procaine and tetracaine increase the (
release-rate of 45Ca++from nerve and muscle (280, 340) presumably by displacing frcc

the radioactive calcium ions bound to the membranes (347). The transmembrane jur_
fluxes of Ca ++, however, are invariably inhibited by the positive anesthetic_ (55, end
56, 165, 194, 303, 513, 514). Neutral anesthetics generally increase membrane 45C
permeability to all ions, including Ca ++ (202, 447, 599, 616). ar_,

E. Effects of anesthetics on Ca ++ fluxes across reticulum membranes ind

The general observations here are that positively charged anesthetics adsorb ,]
to the reticulum membrane vesicles (37), presumably form a layer of positive ttw
charges around the vesicle (38, 616), displace the loosely adsorbed Ca++ (616), the

and, most important, block the transmembrane influx or effiux of Ca ++ across (or
the vesicle (106, 447, 616, 659). This mechanism appears to be the basis for to-
Feinstein's important observation that contracture of muscle elicited by caffeine l
can be blocked by the anesthetic amines (189a). The neutral anesthetics, including the

the neutral form of the anesthetic amines (which exists at high pH), make the (35
reticulum membrane more permeable to Ca++, and, by releasing the Ca++

sequestered _-ithin the reticulum space, can cause the muscle to go into contrac- I,rc
ture (202, 320, 447, 599, 616). These contractures associated with release of Ca++ devc
from the reticulura can be overcome by the administration of a charged anew- neu.,

thetic, such as procainainide (599), and this fact may be of life-saving significance gran
in treating the contracture of malignant hyperthermia (see refs. in 599). grau

A.,
F. Effects of anesthetics and tranquilizers on the Ca ++ fluxes across mitochondrial or d_

membranes depc
The positive anesthetics generally reduce the entry of Ca++ across mito- crea,

chondrial membranes (309, 620). There is an observation that the positive facil
anesthetic butacaine actually increases the entry of Ca++ into the mitochondria sis*-
in the first few seconds after the addition of the drug (394, 395); this is probably of
merely a transient increase in the amount of Ca++ within the mitochondria as a

result of butaeaine passively displacing Ca++ which is adsorbed to the internal co,

side of the _nner membrane of the mitochondrion. In an important paper, (2:
Godfraind et al. (226) report that iontophoretic apphcation of metabolic inhibitors pr,

(dinitrophenol, oligomycin, iodoacetate, etc.) hyperpolarized the cell membrane pr,
(by opening the K+ channel), thereby blocking spontaneous firing and discharges se(
evoked by acetylcholine; Krnjevi5 and his colleagues (226) thus propose that of
general anesthetics may do the same thing as dinitrophenol; the anesthetics su

inhibit mitochondrial activity, and release Ca ++ which in turn hyperpolarizes the pr.
nerve cell membrane.

IX. Anesthetic Actions on Membrane Flow in Neurosecretion

and Granule Secretion tic

This section reviews the anesthetic effects on secretion of membrane-bound m_

materials in both the nervous system and in non-neural tissues, the mechanisms sy

being rather similar, ce
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dered A. Anesthetic effects on neurosecretion

_ethe i Quastel et al. (244a, 488) has found that all types of anesthetics increase the ,[

acing [ frequency of miniature end-plate potentials (MEPPs) at the neuromuscular
brane i junction. Anesthetics which increase tile frequency of MEPPs or increase the

s (55, i end-plate potential or facilitate nerve-muscle transmission include alcohols (217,

_rane i 450-452, 559), acetone (451), barbiturates (652a), phenols (62, 219, 338, 416, 459)
and procaine (244a, 619). Quastel et al. (488) have also found that the anesthetic-

induced increase in the final release step in neurosecretion does not require any
I, extracellular Ca++. _'

dsorb i_ The most likely explanation for enhanced neurosecretion by the anesthetics is i
sitive i the membrane fluidization caused by these drugs. The increased fluidity of both

1616), _ the cell membrane (p]asmalemma) and the membranes of the secretion granules

_eross (or vesicles) may lead the two sets of membranes to fuse, in a manner analogous
is for to virus- or lysolecithin-induced fusion of cells.

ffeine Enhanced neurosecretion or facilitation by anesthetics has also been found in

_ding the superior cervical ganglion with ethanol (357), chlorpromazine (182) or ether i
e the (356).

Ca++ The increased release of dopamine in the central nervous system by chlor-
Ltrac- promazine (19, 119, 484) or reserpine (33, 605) such that extrapyramidal disorders
Ca++ develop (327) is presumably the same type of phenomenon that occurs at the

anes- neuromuscular junction or in the ganglion. The increased release of dopamine I
zance granules causes a derepression of granule synthesis and new dopaminergic

granules are synthcslzed (484).

_drial Anesthetic-stimulated neurosecretion can, therefore, lead either to excitatory
or depressant effects (490), depending on the distribution of the anesthetic and

depending on which neurosecretory cells are most affected. Phenol markedly in-
naito- creases the monosynaptic response in the cat spinal cord (39). This synaptie
dtive facilitation was found at both excitatory and inhibitory synapses, and is con-
adria sistent wit,h the hypothesis that convu]sant phenols act by increasing the amount
)ably oftransmitterreleased(39). i

,as a _lile anesthetics may stimulate neurosecretion, the overall effect of these
ernal compounds on the junctional or synaptic transmission is depression in many cases ]

aper, (218, 224, 324, 325, 602, 634, 636, 650). Presumably under these conditions the 1
)itors presynaptie depression of the action potential, as well as the postsynaptic de-
)rane pression of excitability, dominate the situation, masking the enhanced neuro- _

_rges secretion. There may be a clinical analog_ to this in the case where low dosage
that of fluphenazine (up to 25 rag/day) produces extrapyramidal symptoms (pre-
Letics sumably _'a dopamine depletion), while high doses (100 to 1200 mg/day) do not
s the produce extrapyramidal symptoms (495).

B. Anesihelic effects on granule secretion in non-neural tissues

L Mast cells. Careful electronmicroscopic analysis indicates that the degranula-
tion of mast cells starts by a fusion of the granule membrane with that of the cell

aund membrane (502); other granules then fuse in sequence until the cell is filled by a
dsms system of complicated cavities, all of which communicate directly with the extra-

cellular space, but which still contain the osmiophilic cores of the granules (502).
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This mechanism is similar to that which occurs in exocrine tissues (see refs. in j

502), and is seen _4th 4/S_o (502), ATP (602a), chlorpromazLue (306), and (se
probably also with reserpine (222) but detailed ultrastructure on this last drug is der
not available. It is important to point out that if high concentrations of ckloro stu
promazine are used (10-4-10 -3 M), all the membranes are disrupted by t_Ss tic:

surface-active drug (306). th(
Adrenergic ceils. A variety of anesthetics elicit exocytosis of the catecholamine- am

containing granules; this includes ethanol (475, 476), cyclopropane (441c, 486a), to
chlorpromazine (385, 488, 637-639), reserpine (17, 69, 181, 272) and tetracaine acl
(644a). The positively charged anesthetics, however, may also cause reduced 59(

granule secretion by reducing the influx of Ca ++ (166); the final effect, therefore, )
on any particular tissue _rili depend on whether the membrane-fluidizing effect th(

dominates or whether the inhibition of Ca++-influx dominates (see 81). The pa'

muscle membrane hyperpolarization caused by eyclopropane appears to be a l)et
resuIt of catecholamine release (326a). inc

Platelets. Phenothiazines, reserpine and local anesthetics release 5-hydroxy- an,

tryptamine (6, 387, 462, 485, 486, 610) presumably by causing membrane- pc:
membrane fusion, lip

.Phagocyiosis. Chlorpromazine, imipramine, and morpldne reduce phagocytosis th(

(344, 671). only

X. Anesthetic Effects on Solute Translocation Across Membranes pore
an('_

Facilitated fluxes. Although there is an extensive literature on the effects of Ti
anesthetics on the transmembrane flows of ions and neutral solutes, generally not leak

much distinction has been made whether the effect is on passive fow, active flow (549
or facilitated flow. From an examination of the literature it appears that the It
anesthetics can increase or decrease the passive and active flows. The facilitated incr,

fluxes, on the other hand, seem to be invariably depressed by anesthetics. This tion
latter generalization has been made by _Ietcalfe (personal communication) and is pU
also implied in the work of Clayton and Martin (123) who found that -_-'_

the anesthetic alcohols readily depressed the carrier-mediated transport of lo(
choline. Facilitated diffusion or carrier-mediated traImlocation of glucose is in-
hibited by halothane, methoxyflurane, and ether (237a), butanol (282), triton m.
X-100 (40) and also by various alcohols, urethane and detergents (336). Facili- pe
tared transfer of amino acids is inhibited by ethanol (112, 299, 300). It is likely be
that phosphate permeability is a facilitated process (158), and all anesthetics an
decrease phosphate transfer (159). The entry of organic anions and cations is
passive, rather than facilitated (528,529), and it would be interesting to know the co
effects of anesthetics on these species. Other facihtated processes, which are m:

difficult to distinguish from active transport, are also inhibited by anesthetics ce
(111,216, 225, 301,374, 536). 25

There is suggestive evidence that the sodium conductance channel may have

characteristics of a facilitated transfer pathway inasmuch as the sodium influx
saturates as a function of the external sodium concentration (643,644; but see

also 503). If the generalization that anesthetics inhibit all facilitated transfers al:
is correct, then inhibition of the sodium channel may fall into this category, su
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refs. in ', Passive permeability. Alcohols reduce the passive permeability of lipid bilayers

0, and i (see fig. 1E, adapted from 242; see also 618). In biological membranes, the eel-
drug is I dence is much less clear. It would be ideal if the anesthetic effects could be
' chlor- ! studied _4th rapid-flow methods _._ro_5,527). The time of equilibration of anesthe-

)y this I tics across nerve fibem is rather long, of the order of hours (277), complicating
! the situation. A variety of papers present suggestive evidence that various

amine- anesthetics interfere with the permeability to :Na+ and K +, but it is impossible

486a), to figure out from these data whether the drugs are affecting the passive, the
:acaine active, or the facilitated fluxes of ions (142, 179, 255, 259, 276, 339, 352, 560, 563,
educed 590, 645).
,refore, , It is known that the entry of Na + into erythrocytes is a passive event, and in

; effect _ the presence of Ca ++ the positively charged amine anesthetics invariably depress '_
). The passive influx of Na + (20, 549). An example of this depression in passive ion

• . r • -permeabflit) is shown m figure 2]). In the absence of Ca ++ these amine anesthetics

be a f increase the membrane permeability. This critical role of Ca ++ in controlling the

droxy- anesthetic actions on the biomembrane is also seen in liposomes, wherein the I
brane- positive anesthetics (procaine, tetracaine etc.) in the presence of Ca++ reduce

liposome passive permeability to Na + (466); in the absence of Ca ++, however,
_ytosis ' these drugs have very little effect at standard anesthetizing concentrations, and

only cause pre-lysis or lysis at higher toxic concentrations (38, 466). The zeta
potential of the liposomes becomes less negative in the presence of the amine

rues anesthetics (38).
_cts of The neutral anesthetics (alcohols), on the other hand, increase the passive

[ly not leakage of K + and Na + through lipid membranes (38), erythrocyte membranes
re flow ('549, 597) and smooth muscle membranes (283).
at the It does appear as a general conclusion, therefore, that neutral anesthetics

[itated increase passive cation diffusion, wlfile positive drugs decrease it. This generaliza-
_. This tion can be corroborated with the same drug; for example, local anesthetics at

and is pH 6 (where over 98 % of the drug is in the charged form) reduce the passive i
[ that _2Na+-influx, while at pH 8 (where 10-60 % of the drugs are in neutral form) the
art of local anesthetics increase the passive entry of 22Na+ in the erythrocyte (20, 21).
is in- The importance of Ca++ in modulating the anesthetic actions on membranes

triton may have to do _4th the fact that internal Ca++ appears to regulate passive
Facili- permeability (504, 655). The situation must be more complicated than this
likely because ctflorpromazine displaces the membrane-bound Ca++ while the alcohols
,hetics and neutral anesthetics increase it.

ons is Anesthetics and pre-lysis. High concentrations of the lipid-so]uble anesthetics,
)w the concentrations which are _4thin 0.5 of the lytic concentration, invariably cause
_h are marked increases in permeability to all solutes, charged and neutral; this con-
hetics centration range is referred to as the pre-lytic or "pro-lyric" region (28, 95, 145,

252, 281, 284, 467, 479, 510, 542).
' have
influx XI. On Which Side of the Membrane Do Anesthetics Act?

ut see In order to determine the active form of the dissociating anesthetics (amines
nsfers and acids), as well as to determine the side of the cell membrane which is most

_ory. susceptible to anesthetic action, an extensive series of experiments have been f_t

I.
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carried out (24, 126, 156, 210, 333, 432, 433, 435, 496-498, 540, 548, 564, 575).

It is clearly established that the cytoplasmic aspect of the memb:'ane is sensitive
to the action of the positively chargcd amine form of the anesthetic (435, 540,

575). It also appears that the positive drug may act on the external aspect _f the
membrane (240a, _0, 575), but this is less clear since the lipid solubility oi 5he
quaternary anesthetic may permit the drug to rcach the internal aspect of lhe
membrane. Quaternary chlorpromazine is active on both sides ol the membrane
(240a); the membrane sensitivity to this drug varies with pH (240a).

The neutral form of an anesthetic may act on either aspect of the cell mem-

brane, such as is the case with pentobarbital (432; but see ref. 64).
The careful work of Skou actually suggests that both neutral and charged

forms of procaine may be equally effective in producing nerve-conduction block.
This conclusion is indicated by the fact that, while the MBC drops from 4.6 mM,
to 2.8 mlVi to 1.3 m]_'I at pH 7, 7.35, and 8, respectively, the total procaine con-
centrations in the membrane phase remain constant at 0.013 :i= 0.001 moles

procaine per kg dry membrane; that is, the MBC in the membrane phase is the
same at all pH levels (575).

XIL Summary

A diagrammatic summary of the membrane actions of anesthetics and tran- --_
quilizers is shown in figure 15. According to the definition of an anesthetic as a
drug which directly blocks the membrane action potential, without appreciably

affecting the resting potential, a wide variety of lipid-soluble compounds may be
considered as anesthetics. Under conditions of general anesthesia the membrane
concentration of an anesthetic is 0.003 moles/kg dry membrane, the anesthetic

occupying a volume of 0.02 % in the membrane phase. Under conditions of local F
anesthesia the membrane concentration is 0.04 moles/kg membrane, with an anc_

occup3dng volume of 0.3 % in the membrane. The partitioning into the membrane the_
is about _'_0 that of olive oil and about _o that of octanol. These figm'es hold for ("it,
many nerve-blocking drugs, and ill order to explain differences in the in vivo ordi:
action of these drugs, other factors must be considered, such as anesthetic r,_.
sensitization etc. The biomembranes expand or swell about 10 times more than 9)
the anesthetic volume of occupation in the membrane, 0.4 % expansion occuring it,,
under conditions of general anesthesia, and 2 to 3 % expansion occuring under 11:
conditions of local anesthesia. Although the anesthetics electrically stabilize the (:_iIl(

membrane, they fluidize and disorder the components _dthin the membrane, lip

probably including membrane water. As a consequence of membrane expansion,
membrane-associated enzymes and proteins can be either stimulated or inhibited. hit
The pathways for facilitated fluxes of solutes across membranes are invariably br
depressed, presumably because of the conformation changes brought about by
the membrane-expanding anesthetics; the Na+-conductance channel of the action

potential appears to be one of these facilitated pathways. The anesthetic amines St
displace membrane-bound Ca ++ and generally depress passive fluxes of cations, th,

The neutral anesthetics generally increase membrane-bound Ca ++ and generally a_
increase the passive fluxes. The membrane fluidization may explain the en- s,.
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575)° protein's facihlated

_itivo ', hydrophobic simple diffusion diffusionF _-_ channel during
n " regions _.H___ ,_c_ .,.'_x.__ No._

, 540_ ormalmemorane _-_v _ _-/ ' /->: " nerve impulse

of the cholesterol

. . il _ , __._ _" " _ . ,

Larged \ '

block, with anesthetic _ \ _.._-,) ",(2:') [_ _\

tran- -_------- _-:,-,,_ c_- ,+_--=, _,---_ ._- _ _,__ _ l

_ably I'

mem rane /'_ _ _t',_'

brinethetic t
local

F1G. 15. 1) Drug occupation of membrane by 0.3% in local anesthesia (0.03% in general [!'

th an anesthesia); 2) expansion of membrane by 2% in local anesthesia (0.4% in general anes- !l,brane thesia); membrane pressure alters; g) increased rotational mobility of membrane units

,ld for ("fluidization"; disordering); 4) decreased translocation of membrane lipids; 5) activation $

'_ vzvo or inhibition of membrane enzymes, resulting from expansion of membrane protein; 6)
t

displacement of membrane Ca "_ by anesthetic amines; 7) increase in membrane Ca ++ by

thetic neutral anesthetics; 8) decreased facilitated diffusion of neutral solutes (glucose, choline);
_ thttIl 9) membrane electrostabillzation = decreased facilitated diffusion of ions during nerve

:uring impulse (Na +, K+); 10) increased passive (Fick) diffusion of neutral solutes (water, urea);

under 11) anesthetic amines decrease passive (Fick) diffusion of charged solutes (Na +, FO_-,

:e the Ca++); 12) neutral anesthetics increase passive (Fick) diffusion of ions (Ca ++ or Na+); 13)
increased membrane-membrane fusiou (i.e., increased neurosecretiou); 14) dissociation of

)rune, lipid-protein complexes (at high anesthetic concentrations).
nsion_

bited.

riably haneed neurosecretion of membrane-bound materials, by a mechanism of mem-
ut by bra_e-mernbranefusion.
_etion

II_,nes Acknowledgments. I thank Margaret Wong, Marsha Foster, Stanley Moy Yen and Allan

tions. Staiman for their assistance in preparing this review. The author's work was supported by
the Ontario Mental Health Foundation, the Addiction Research Foundation of Ontario,

erally and the Medical Research Council of Canada (MT-2951). I thank Dr. L. Spero and Dr. H.

e en- Schneider (N.R.C., Ottawa) for the use of their unpublished data.



634 SEEMA_

REFERENCES 26.

I.AsOOV, L. O.: Calclum-adeno._nstriphosphate-lipidinteractionsand theirs_gnLficanceinthe excitatorymem- 27.
brahe.In NeurosclencesResearch,ed.by S.Ehrenprelsand O. C. Solnitzky,vole2,pp. 41-70,Academic Press,

New York, 1969. 28.
la. 2_.DAMSO.'LR. H.: Correlation of parachor with anesthetic potency. Life Sci. 3:1131-1134,1964.

2. AOARWAI,, K. N. A._D CARSTE._SEN, H.: Uptak_ ef Corticosteroids, related steroids and their water soluble esters 29.
by humau erythrocytes.Acts Endocrinol.93: (suppl.)37-52,1964.

_.AGARWAL, K. N. AND GARBY, L,: Inhibitionby _rticosteroidsofred celllys_ in vitro,Acts Endoerinol.93: 30.
(suppl.)3-27,1954.

4. AGARWAI_,S. P. AND BLAKE, M. I.: Determination of the pKa value for 5,5-diphenylhydant_in. J. Pharm. Sci. 31.
57: 1434-1435,1968. 32

6.AQx_, D,, IIERSH,L.AND HOLTZ_AN, D.: The actionofanestheticson excitablemembranes: A quantum-chemi-

calanalysis. Prec. Nat. Acad. Sci. U.S.A. 53: 962-968, 1965. 33.
6. A_Tzz, L.: $-Hydroxytryptamine release from blood platelets and hacmolysis of red blood ceils of rabbit induced

by" phcnothiazines and related compounds. Ann. Med. Exp. Biol. Fenn. 44: 431-452, 1986. 34.
7. A_TE1_, L.: Surface activity of phenothiazines and related compounds. Ann. Med. Exp. Biol. Fenn. 44: 453-457,

196{L 34_
8. A_TEE, L. AWDPAASONE._, M. K. : Distribution of some phenothiazines in red blood cells and plate.lets. J. Pharm.

Pharmscol. 18: 126-128, 1966. 35
9. AKERA, T. AND BRUnn, T. M.: Inhibition of brain sodium- and potassium-stimu|ated adenosine trlphosphatase

activity by chlorpromazine free radical. Mol. Pharmacol. 4: 600_12, 1968. 39
1OoAKERA, T. AND BRunn, T. M.: Inhibitory sites on sodium- and 1Potassium-activated adenosine triphosphatase

for chlorpmmazlne free radical and ouabain. Mol. Pharmacol. 6: 557-566, 1970.

11. _._R._ZAN, B., PZm_SON, tI. A.WDTEGNER, C.: Local anaesthetic properties of the optically active isomers of 37
_priloceine (Citanest). Acts Pharmacol. Toxicol. 25: 233-241, 19_7.

lla, AXER_A_, B. A_n ROSS, S.: Stereospecificity of the enzymatic biotransformation of the enantlomers of prilo-

¢aine (Citanest_)): Acts Pharmacol. Toxicol. 28: 445-453, i970. _7
12. _RM.¢N, B. A_'D SoKo_, M.: The effect of a p_ir of ensntiomers with local anesthetic activity on action poten- 3

tlal generation and scetylcholine senshivity in ml:scle. Eur. J. Pharmacol. 8: 331-336, 1969.

13. _Al% S. B. A., CAMouum, G. A.WD SA.'_DBERG, R. V. : Stereoisomerlsm and differential activity in excitation 39. l
block by local anesthetics. Eur. J. Pharmacol. 8: 337-347, 1969.

13a, ALSUQUERQU_, E. X. A._v W_R._C_, J. E.: The pharmacology of batrachotoxin. IV. Interaction with tetrodo- 40. l
toxin on innervated and chronically denervated mt skeletal muscle. J. Pharmacol. Exp. Ther. 180: 683-_97,

1972. 41. :
13b. Az.nuQv_aav_, E. X., W_nNm_, J. E. A_D SaNSO.W_, F. M. : The pharmacology of batrachotoxin. II. Effect on

electrical properties of the mammalian nerve and skeletal mtmcle membranes. J. Pharmacol. Exp. Ther. 42. :
17b: 511-528, 1971.

130. ALSVQUZRQUZ, E. X., CH_O, S. H. ANn OZ'I'OSO_¢,D.: The action of tetrodotoxin on the frog's isolated muscle 43.
spindle. Acts Physiol. Scand. 75: 301-312, 1969.

13d. A_Q_zaauE, E. X., DALY, J. W. AND WITKOP, B.: Batrachotoxln: chemistry pharmacology. Science 172: 44.
995_I002, 1971.

13e, ALBUQ_YEIgQU:Z,E. X., SE'_'AMA, ]. AND NAnAHAS/II, T.: Characterization of batraehotoxin-Luduced depolarlza- 45.
tion of the squid giant axons. J. Pharmacol. Exp. Ther., 1972, in press.

14. A_.L_SO_, A. C., HULANDS, G. H., Nu._'._, J. F., K_TCHZNO,J. A. AND MAcDo_ALn, A. C.: The effect of inhala- 4,
tional anaesthetic_ on the microtubular system in Actinosphaerium nucleofdum. J. Cell Sci. 7: 453-499, 1970. 4

15. ALI,mo._, A. C. x-_v N_._, J. F.: Effects of general anaesthetics on microtubules. A possible mechanism of an- 4
aesthesia. Lancet, 1326-1329, 1968.

16. A_P_, M. H. A._) F_c_, W.: The peripheral effects of anesthetics. Annu. Rev. Pharmacol. 9: 273_296, 19{]9. 4
]7.ALP:_ILM. H., FL±C_Z, W.._.WDKnAVes, O.: Pharmacology ofresexpineand itsimplicationsforanesthesia.

Anesthesiology _4: 524-542, 1963. 4
18. A_oonm, J. E., PAL_Zm, G., WA_K_, E. A_'n BL_, M. S.: Ant alarm pheromone activity: Correlation with

molecular shape by scanning computer. Science 165: 1266-1269, 1969. 5
19. AND_N, N. E., Bg_$a, S. G., CORRO._[, H., FuxE, K. AND UNeSRS_DT, U.: :Receptor activity and turn-

o_r of dopamlne and noradrenaline after neuroleptiCs. Eur. J. PharmacoI. II: 303-314, 1970.
20. Al_'_s_t_, N. B.: The effect of local anesthetic and pH on sodium and potassium/]ux in human red ceils. J.

Pharmscel. Exp. Ther. 1_3: 393-406, 1968. ,,
21. A2rD_m_s_', N. B. A._'DGRAVZ._S_LW, J. S. : Effects of local anesthetics on sodium and potassium in human red

¢ell_. J. Pharmasol. Exp. Ther. 147: 40--47, 1965.
22. Aor_, K., Hm_ATSg, K., T_._A_, M. A-wnI_ANAaHINA, S.: Bovine s.*rum albumin exposed to high pressure, l

Biochim. Biophys. Acts 160: 368-377, 1968.
23. Aurar, M. ANY YATA, N.: Effects of some counter ions on physicochemical properties and the local anesthetic ac-

t/on of dibucaine base. II..4. new method for evaluating local anesthetic action, determined on frog's sciatic
fibers. Yakugaku Zamhi 86: 835-840, 1966. l

24. A_xl_s, E. J., Smo_rm, A. M. _-_n va.w :Ro._su_a, J. M.: Drug-receptor interaction of one or more drugs with
different receptor systems, In Medicinal Chemistry, ed. by G. DeStevens. eel. 3,287-393,Academic Press, New ,'
York, 1_4.

_. A_STViONO, C. M. A_I) BI-_s_, L.: The effects of several alcohols on the properties of the squid giant axon. J. 1
(}en. Physiol. 48: 265--_77, 1964.



i MEMBRANE ACTIONS OF AI_THETICS A_N'D TRANQUILIZERS 635

i 26. ARONSON, H. B-Z., LnvnsQvz, P. R., CHAmp, S. ANYEVSTZN, B.: InfluenCe of anaesthetics on rheology of hu man
blood. Can. Anaesth. Soc. J. 15: 244-257,1968.

rmen- | 27.ARROWOOD, J. G. A.WDSARNOt_',S.J,: Differentialspinalblock.V. Use in the investigationofpain following i
Press, i amputation.Anesthesiology9:614-622,1948.

[ 28.As_4 A. A.wnRA o,S.N.: Drugs affectingsodium transportinhuman erythrocyteghosts.J.Pharmacol.,Exp.

Ther. 172: 211-223, 1970.
i

e esters ; 29. Az_Jsso_¢, R. M., DAvls, B., PRaTt, M. A., StZARP_, H. M. ANY Toured, E. O.: Action of some steroids on the

i Central nexv BUSsystem of the mouse. II. Pharmacology. J. Mcd. Chem. 8: 426-432,1965. |sol. 93: 30. AUSTIN, G. M. AND PASX, E. A. : Effect of ether inhalation upon spinal cord and root action potentials. J. Physiol.
(London) 118: 405-411, 1952.

_n_Sci. 31. AYe, G. F. ANn LI_, S.: Effect of diphenylhydantoin on an isolated neuron (Abstract). Fed. Proc. 30: 205,1971. i
$2. BAC_OFEN, H. AND FAR, I, L. E.: Simple manometric apparatus for measuring partition coeffiCients of highly

_hemi- soluble gases, J. Appl. Physiol. 30:136-139, 1971. i
33. BAx, I.J.:Electronmlcroscopioobservationsinthe substantlanigraofmouse duringreserpineadministration, i

Educed Experientia(Basel)21:568-509,1965. i

_4. BAKER, P. F., IIODGKIX, A. L. AND REDGWAY, E. B.: Depolarizationand calciumentryinsquidgiantaxons.J.

t53-t57, Physiol.(London)218: 799-750,1971. _
$4a. BAXzR, R. AxDLLI.WAS, R.: Electrotoniccouplingb_tweenneuronesinthecat rnesencephalicnucleus.J.Physio]. ]

?harm. CLoudon) 212: 45-63, 1971.
35. B&LASUBRA;dA_IAN, D. AND WZ_-,AXYF_R, D. B.: Reversible alteration of the structure of globular proteins by

)hats.so anestheticagents.Proc.Nat.Acad. Sei.U.S.A.55:762-765,1966. :!

36. BA_zza, H., MAKLN-OSl_, _., FIEHN, _V.AND HASSELBACII,W.* The bindingofthecalciumtransportinhibitorsre-
&

hat_e serpine,chlorpromazineand prenylan_Jnetothe hpidsofthe membranes ofthe sarcoplasmioreticuium.Nau-

nyn-Schmiedebergs Arch. Pharmakol. Exp. PathoL 260: 456--473,1968.
hera of 37. BALZZR, H., MA_L_OSS, M. A.wn HASSZLBAC_, W. : The inhibition of the sarcoplasmic calcium pump by prcnyla-

mine, reserpine, ehlorproma_Lue and imipramine. Naunyn-Schmiedebergs Arch. Pharmakol. Exp. Pathol. 200: | !
f priIo- 444-455, 1968.

$7a. BANCROFT, W. D. A_O R_m_S, G. H.: The chemistry o! anesthesia. J. Phys. Chem. 35: 215-26_, 1931.

poten- 38. B_o_, A. D., STA_,'DISH, M. M. ANn _I_LER, N.: Cation permeability of phospholipid model membranes: t
effect of narcotics. Nature (London) :_08:1295-1297,1955.

Ration _0.BANNA, N. R. AND JABBER, S.J.:Increasedtransmitterreleaseinducedby convulsantphenols.Brain Res.20:

471-473,1970.

_trodo- I0.BARAc-NIETO, M., OSPINA, B., DUE._AS, A., ]_[ARTLW_z-Pr_rO,I,,M_A, C., RO£)RIOUEz, E. A_'B Ht'_'T_n,

83-_97, F. 1_.: Permeability of er_'t hrocytes to sugars. II. Effect of triton X-100. J. Cell. Comp. Physiol. 61: 223-233, 1963.
41. BAnRZPr, A. M. A_n Nvx.x, B.: Adrenergic neuron blocking properties of (d-)-propranolol and (+)-propraaolol.

Iect on J. Pharm. Pharraacol. 22: 806-810,1970.

Thor. 42. BARTZ_S, E.: Relationship between acetylcholine and local ane_thetlcs. Biochim. Biophys. Acts 109: 104-203,
1965. t

muscle 43. BAnZBLS, E. A_n NAc_z_wso_N, D.: Molecular structure determining the action of local anesthetics on the
aCetylcholine receptor. Biochem. Z. 342:359-374, 1965.

:e 172: 44. BATTINO, _., EVANS, _. D. AND DANFORTH, _". F.: The solubilities of seven gases in olive oil with reference to
theories of transport through the Bell membrane. J. Amer. Oil Chem. Soc. 45: 830-833, 1968.

,lariza- 45. BA_Y_, F .: Zur Theorie der Alkoholnarkose. Ein physika_iseh-ehcmlseher Beitr_g zt£r Theerie der Narcotics. Arch.
Exp. Pathol. Pharmakol. (Naunyn-Schmiedebergs)42:119-137,1899. |

nhaI_- 4_.. BANK, E. W.: The structure-activity relationship of trlcyelic amines.J, pharmacot. Exp. Ther. 177: 219-226,1971. [.
,1970. 40. BBHNKE, A. R. AND YARS_OUetH, O. D.: Physiologic studies of helium. _Z.S. Nay. Med. Bull. 36: 542-558, 1938.
ofan- 47. BENNE'ffr, A. L. AND CHI_URG, K. G.: The effectsofseverallocalanestheticson the restingpotentialsof iso-

latedfrognerve.J.Pharmacol.Exp. Ther.88:72-81,1946.

,01969. 48. Bs._._E_r,P. B., PAPAnAnJoPouLos, D. AND B_.WORA_, A. D.: The effecto[raisedpressureofinextgaseson

thesis, phospholipid membranes. LifeScL 6: 2527°2533,1967. i
49. BsxsoN, S. W. A_B KxN_, JR., J. W.: Electrostatic aspects of physical adsorption: Implications for molecular

with sieves and gaseous anesthesia. Science 150:1710-1713,1965.
_0. BsR6z_, E. Y., P_C_YA_, F. R. A_D KANZAKL G.: Anesthetic gases and water struCture: the effect of xenon on

turn- tritisted water flux across the gut. J. Gem Physiol. 52: 876-858,19fiB. i
$I. BERGEn, E. Y., PECIKTAN, F. R. ANn KANZAKI, G.: Anesthetic gas and water structure: cyclopropane effect on

_lls.J. water-_Hfluxacrossthegut.Amex.J.Physiol.217:414-418,1969.

_. BZRGMANN, F.,CosTIN, A.,CH_OVITZ,*_.AND ZERACHL_,A.: Seizureactivityevoked by implantationofoua-

_nred baleand relateddrugsintocorticaland subco_icalregionsofthe rabbitbrain.Neuropharmacology 9:441-449

1970. i
$3. BzRN_, J. A_D PO_ZR_AK, J.: Modifications de l'excitabilit_ nerveuse par des narcotiquc_. Heir. Physiol.

Phrama,cel. Acta 14: C5-C6, I_50. _-

tie ac- $4. BzRxowrrz, B. A. ANn WAY, E. L.: Analgesic activity and Central nervous system distribution of the optical
_clatic isomers of pentazocine in the rat. J. Pharmacol. Exp. Thor. 177: 500-508,1971.

55. BIAsrc_, C. P.: Pharmacological actions on excltation-contractlon coupling in striated muscle. Fed. Proe. 27:
with 125-131, 1958.

, New $6. BmNc_, C. P.: Pharmacology of excitation-contraction coupling in muscle. Introduction: Statement of the

problem.Fed. Proc.28:1624-I_27,1969.
'.on.J. $7. B_A_ca% C. P.ANB Bo_o_, T. C.: Actionoflocalanestheticson couplingsystemsinmuscle.J.Pharmacoh Exp.

Thor. 157: 358-405, 1067.



636 SEE_rAN

$8.BIx_cm, C. P.AND STROSZL_ G. E.: Modes ofactionoflocalanestheticsinnerveand muscle inrelationtotheir 91. Ii
uptake and distribution.N. 5.Acad.Sci.30:1082-1092,1968.

69.BIANCH/, _.,RAMPONE, R., TEALDI,A. ANt)CIFFERRI_A.."The roleelaliphaticalcoholson thestabilityofcelia- 92.1_.
gen and tropocotlagcn.J.Biol.Chem. 245:3341--3345,1970.

60.BI_zR, I.ANn Sxwg, P.C.: Effectsofdiphcnvlhydantoinonthe transportofNa + and K ÷ and theregulationof 93.l_
sugartransportinmuscle/n vitro.Bioehlm. B_)phys.Acts 249:240-251,1971.

61. BIsnot', G. tt. : Action of nerve depressants on potential. J. Cell. Comp. Physiol. 1:177-194,1932. 94. I?
62. BLA_SR, L. C. A_¢oG.cI_AGn_.a, .L P.: The facillt_tory effects of catechol and phenol at the neuromuscular junc-

tion of the cat. Neuropharmacology 10:153-159, 1971. 95. t
63. Br, A_ST_,_', M. P.: Phnspholipids as ion exchangers: Implications for a possible role in biological membrane ex-

citability and anesthesia. Biochim. Biophys. Acl.a 135: 653-668,1967. _. 1
6_. BLAVSVEm, M. P.: Barbiturates block sodium and potassium conductance increases in voltage-clamped lobster

axons.J. Gem Physiol.51:293-307,1968. 97. t
f_. BhAUSTEI_¢, ]k_.P. ANn GOLDMAN, D. E.: Competitive action of calcium and procaine on lobster axes. J. Gem

PhysioL 49: 1043-1063, 1966. 9_. t
66. BLA_STm_, M. P. a_n GOLD_AZ¢, D. E.: Action of anionic and cationic nerve-blocking agents: experiment and

interpretation. Science 153: 429-432, 1966.
67. BLOO_S, F. E., COSTA_E. _.'¢o Sxt_oIP.xcmn, G. C.: Anesthesia and the responsiveness of individual neurons of

the caudate nucleus of the cat to acetyleholine, norepinephrine and dopamine administered by mieroelectro- 99. ]
phoresis. J. Pharmaool. Exp. Ther. 150: 244-252, 1965.

68. BLUMBERG, A. G., Lx Dr, JR., B. N., GERSON, T., LEssEn, O. T. A._D STEELZ, J. M. Determination of solubility I00. l
ofcycl_pmpaneinfatsand_iiswithuse_fW_rburg_ppar_tus.J.Pharmacol.E-_p_Ther._4:325-_28_952. 101. ]

69. BOA_ES, R.J., BaADLZr, P. B. A,_D CX.XDr, J. M.: Abolition of the response of brain stem neurones to ionto-

phoretically applied d-amphetamine by reserpine. Nature (London) 229: 495-498,1971. 10'2,.
70. BONDANI, A. A/CD Kb.RLER, R.Z Interaction of calcium and local anesthetics with skeletal muscle microsomcs. J. 103.

Cell. Physiol. 75: 199-211, 1970.

71. Boxm,A.: vender Weals volumesand radii.J.Phys. Chem. 68:441-451,1964. I04. '
72. BooI$, H. L. ANX)DIJESHOOR._, W.: Studies on hemolysis. II. The influence of alcohols on monomolecular films

of stezrie acid oomparcd with that on hemolysis. Acts Physiol. Pharmacol. N_er. 1: 631-637_ 1950. 105. C.
73. BO_GSrr, D'_, H. H. ANn GXL_ES, A.J.: Determinstiou of the solubility of nitrous oxide in water by gas chrome- 106. C,

tography. Anesthesiology 26: 675-678, 1965.
74. BO_Lt_r_ D.J. A,wn SVL_VA._, T.J.: Relationship between the uptake, binding and pharmacological action of 1O6a.

procaine in the isolated he.art. Brit. J. Pharmacol. 35:322-331,1969.

75. Bowzzs, K. AND DU,xCA_, C.J.: Actomyosin-like protein from crayfish nerve: a possible molecular explanation 107. C
of permeability changes during excitation. Nature (London) 211: 6t2-643, 1966. 1OS. C

7& B_._asc_, D. xxn Ro_._vsc_, H.: Decreased red-cell deformability after severe burns, determined with the
ehlorproma'z_uetezt.Pfl_getsArch.Gesamte Physiol.Meuschen Tiere323:41-49,1971. 109.C

77. BRA.I)LRY,P. B., WOLSTENCROFT,J. H., lI 5aLL L. AND AVANZINO, 0. L.: Neuronal basis for the central action of

chlorpromazine. Nature (London) 212: 1425-1427,1966. ll0. C
78.BRAMt,E£, R. A., COt,EMAN, It.AND FXNEk.W,J.B.: Chemical,enzymulogicaland permeabilitypropertiesof •

}human erythrocytcghostsprcp,_redby hypotoniclysisinmedia ofdifferentosmolarities.Biochim. Biophys.
Acts 241: 752-769, 1971. 111. "

79. B_^vn_, R. W. _t._'n W_v, R. 0.: Relative narcotic potencies of hydrogen, helium, nitrogen, and their mixtures.
_. Appl. Physiol. 29: 23-_1, 1970. 11-".

80. B_mx, F. A._D POSTZ_SAK, J. M.: Thermodynamic analysis of the relative effectiveness of namoties. J. Call.
Cornp.Physiol.32:211-233,1948. I13

_1. BRIBSON_G. R., CAMU, F., _fAL._.tSsE-LA_AE, F. AND _[ALAI_E, W.J..* Eff_t O[a local anesthetic upon calcium
uptake and insulin secretion by isolated islets of Laugerhaus. Life Sci. 10: 445-448,1971. 111.

82. Baoo_s, C. McC. xxn EccLzs, J. C.: A study of the effects of anaesthesia and asphyxia ORthe mono-synaptle
pathway throughthespinalcord.J.Neurophysiol.I0:349--360,19_7. 115.

83.BROWN, J,H. AND SCHWARTZ, N. L.: Interactionof lysosome_and anti-lnflammatorydrugs.Prec.Soc. Exp.

Biol. Med. 131: 614-620, 1969. I1_.
g4. BROW_, J. tt., TArLOR, J. L.._tCD WATZRS,I.W.: Effect of pH on ery_hrocyte stabilization by anti-inflammatory

drugs. Prec. Soe. Exp. Biol. Mcd. 1:36:137-140,1971. 117.
85. Bavc_, D, L. A_'D Ta_umo, H. H.: The effect of halothane on the cell cycle in rat small intestine. Anesthesi-

ology 30: 401-405, 1999. 115
88. B0c_r, H., IK_CABS,J., BtYZ_L_O, W. A>_DRtr._X_L, W.: Sterecspecificity of anesthetic activity, distribution, inac-

tivation and protein binding of the optical antipodes o1 two N-methylated barbiturates. J. Pharmacol. Exp. II9
Ther. 17_: 709-716, 1970.

87. Bvesxr_x>r, R. A. xr¢_ AL_z.w, R.J.: Diphenylhydantoin (Dilantin) and phenobarbital blood levels in epileptic 120
children, Neurology 21: 865-871, 1971.

88, BI_C_, J.: Chemische Konst_tution, chemisehe Reaktivitttt und Wirkung in Einigen homologen Lokalanas- l_i
thetica-Reihen, Pharm. Acts tIelv. 42: 534-570, 1967.

89. BOcm, J., t_rmmc_, K-H. A_'D P_LL_, X.: Beziehungcn zwisehen der ehemisehen Konstitution, den physi- 1._2
kalisch-chemlsehen Eigenschaften der chemischen Reaktivlt,Rt und der lokalan_isthetischen Wirkung in der Iso-
AnKsthe_in*Reihe. Arzneimlttel-Fomchung 18."791-798, 1968.

90. BO_,J.,MOL_z_,K.,P_RL_A,X.A,wDPRz_SWZR_,M.A.: Beziehungenswischendenchemischen Eigenschaften 12"
und der lokelan_thetlsehen Wirkung der Cinchocaine. Arzneimittel-Forsohung 16_ 1263-1275, 1966.



MEMBRANE ACTIONS OF ANESTHETICS AND TRANQUILIZERS 637 I

a to their 91. B0c_, J. ANn PZRUIA, X.: Beziehungen zwlschen den physlkalisch-chemischen Eigenschaften 1.nd der Wirkung t

l_on Lokalar_athctica, Arzueimlttel-Forsehung 10: 930-935, 1960.

rof coUa- 92. B/Acre, J. Ahn) PZPmIA, X.: Beziehungen zwlschen den physikaHseh-chemlschen Eigenashaften and der Wirkung
yon Lokalanfisthctica, Arzneimittel-Forschung 12: 519-525, 1962.

llation of 93• B0c_I, J. AXD P_nmA, X.: Beziehungeu zwlschen den physikaliseh-chemlsehen EigensehaIten und der Wirkun._, t
yon Lokalarddsthetica. Arzneimlttel°Forschung 12: 626-630, 1962.

94. B_RGEN, A. S. V• AND _ETCALFE, 5. C.: The application of nuclear magnetic resonance to pharmacological prob-
lar ]unc- lores. J. Pharm. Pharmacol. 22:153-169, 1970.

95. BUNT, D. H. A_-n GREEN, J. W.: The sodium permeability of butanol-treated erythrocytcs. The role of calcium.

Biochim. Biophys. Acta 225: 46-55, 1971. i

90. BVT_ER, J. A. V.: The energy and entropy of hydration of organic compounds• Trans. Faraday See. 33: 229-236, I
d lobster 1937.

97. BUTLRR, J. A. V., RAMCH._.NDAN'I,C. N• AND TI'tOMPSON, D. W.: The solubility of non-electrolytes. Part I• The f
• J. Gen. free energy of hydration of some alJphatic alcohols. J. Chem. Soc. 280-285,1935.

98. BWrLER, J. A• V., THOMSON, D. W. A_D MAcL_N,WA.'_, W. H.: The free energy of the normal alJphatic alcohols in |
ncnt and _queous solution• Part I. The partial vapour pressures of aqueous solutions of methyl, n-propyl, and n-butyl al- l

i cohols. Part II. The solubilities of some normal alJphatic alcohoh in water. Part III. The theory of binary solu- _ iurons of tions, and its applicatlor to aqueous-_lcoholic solutions. J. Chem. Soc. 674-686, 1933. i
oeleetro- 99. B_'_R, T. C.: T he ancsthctlc activity of optical antipodes. II. The arablnochloraloses. J. Pharmacol. Exp. Thor. _

69: 229-235,1940. !

_lubiHty ! 100. Bu'rLER, T. C.: Theories of general anesthesia. Pharmacol. Rev. 2: 121-160, 1950. }

)52. i 101. B_R, T. C. ANn DIcxmo.w, tI. L.: The anesthetic activity of optical antipodes. I• The secondary butyl alco-

!olento- hols.J.Pharmacol.Exp. Ther.69:225-228,1940. I102.C^._'DER,L.:Solubilityofinertgasesinhuman lung tissue.J.Appl.Physiol.14:538-540,1959.

crees. J. 103. CA_m_I, P. B. A._D PARKINSON, D. R.: The area and volume of single human erythrocytes during gradual ca- ,!
motic swelling to henmlysls. Can. J. Physiol. Pharmacol. 48: 369-376, 1970. _ i

i

i 104. CARPE_Z_, F. G.: Anesthetic action of inert and unreactive gases on intact animals and isolated tissues. Amer.

_ar films J. Physiol. 178: 505-509,1954.
105. CARPEntER, F. G.: Effects of anesthetics on metabolism of peripheral nerve• Pharmaeol. Rev. 17: 203-207, 1965.

chmma- t 1_)_. CAr_VA_IO, A. P.: Calcium-binding properties of sarcoplasmic reticulnm as influenced by ATP, caffeine, quinine,and local anesthetics. J. Gem Physiol. 52: 622-642, 1968.

.orionof i 106a.C._scoa_LH. F•A_XDLO_C_Zn, C.K.: Antagonism and synergismofslxvolatileanestheticagentsand flurothyl, i

i aeonvulsantether. Anesth.Ansdg. 46: 546-550, 1967.anation 107. CATCHPOOL, J. F.: The hydrate microcrystal theory of anesthesia. Ann• N•Y• Acad. Sci. 125: 595-604, 1965. i
108. CATC_POO_, J• F.: Effects of anesthetics on water structure: measurements of solubility and narcotic potency.

dth the Fed• Proc. 27: 884-887, 1968. i

109. CHALAZONITIS, N.." Selective actions of volatile anesthetics on synaptio transmission and autorhythmieity in [
ction of single identifiable neurons. Anesthesiology 28:111-122, 1967.

110. CH._._c_, B., AzzL A., ._IELA, L., RADDA, G. Ah'n VAL_;IO, H.: Local anesthetic induced changes of a membranc-

Cties of bound fluorochrome. A link between ion uptake and membrane structure. Fed. Ear. Biol. Sci• Lett. 3: 10-13,
iophys. 1960.

111. C_zA._cz, B., MRLA, L. ANn HARRIS, i_.. J.: Interaction of ion movements and local anesthetics in mitocbondrial
x'tur_, membranes. Fed. Prec. 27: 902-906, 1968.

I. Cell. 112. C_Ax_, T., LEW_S, J. A,wn GLAZ_O, A.J.: Effect o1ethanol and other alcohols on the transport of amino acids and
glucose by everted sacs of rat small intestine. _iochim. Biophys. Acts 135: 1000-1007, 1967.

I13. CHAPLIN, JU'N., H., CRAWrOR_, H., Cuwnusn, _[. A.'_D _[OLLISON, P. L.: The effects of a phenothiazine dcriva-
aldum tive (RP. 3300) on red ceil preservation. J. C[in. Pathol. (London) 5: 91-101, 1952.

114. CHAPMAN, G. AND McLAuC_LAN, K. A.: Oriented water in the sciatic nerve of rabbit• Nature (London) 215: 391- i
maptic _ 392, 19_7.

115. CHAP._IA_, K. M. A._-_ PANr_VRS_, J. tI.: Conduction velocities and their temperature coefficients in sensory i,'. Exp. nerve fibres of cockroach legs, J. Exp. Biol. 46: 63-84, 1967.

116. C_ZAP_A_, R• A.: Dependence on temperature of the conduction velocity of the action potential of the squid giant ._

_atory axon. Nature (London) 213: 1143-1144, 1967. _ !
117.CHAR_-BrrZoN, A.: StabilizationofraterythroeytemembranebyALtetrahydrocanuabinol.LifeSci•10: 1273-1279,

_thesl- 1971. ]
118• CH_v-Wo._o, _I. A_'_ SE_A.W, P.: The control of membrane-bound Ca _+by ATP, Biochim. Biophys. Acts 241:

_, inac- 473-482, 1971. 1

• Exp. 119. C:_ERAMY, A., _ESSON, $_. J. AND GLOWlNS_:I, J.: Increased release of dopamine from striatal dopamlnergie :_
terminals in the rat after treatment with a neuroleptie: thioproperazine• Ear. J. Pharmaeol. 10: 206-214, 1970.

,ileptie 120. C_R_, A.: Mechanisms of general anesth_ia by non-hydrogen-bonding molecules. Annu. Rev. PharmacoL

9: 259-272, 1969. i
_lanas- 121. CH_R_IN, A. AI_D CA_rCHPOOL, J. F.." Temperature dependence of anesthesia in goldfish• Science 1_4: 1460-1462,

physl- 12_. C]Ho,vn_[_RT, A. K., ROGERS, _., SKL_NER, A., SPECteR, R. G. AND WATTS, D.C.: The influenceofpsychotropic 1
or IsO- drugs on aldolase, mitochondrlal malic dchydrogenase and Mg+_Na+K + adenosine tripbosphatase. Brit. J.

Pharmaool. 37: 459-487, 1969.

haften 123. CLArro._, P. A._ MAR_x, K.: The effect of anaesthetic alcohols on car_ier mediated transport in human erythro-
tyres. J. Physiol. (London) 218: 50P-51P, 1971.



638 SEEMAN

19.4.CL_MF_eS, J.A. An WILSON, K. M.: The af]_nltyofnarcoticagentsforinterracialfilms.Prec.Nat. Acad. Sci. 15"_

U.S.A. 48: 1008-1014, 1962. 157
125. CLEME_rrS, J. A. A_rD WILSe,W, K. M.: Interactions of narcotic &gents with spread lipid and protein films. Int.

Anesth. Ctin. 1: 969-976, 1963. 15_
126.CLOWES, G.H. A.,KELTCH, A. K. A_rDKRAHL, M. E.: Extracellularand intracellularhydrogen ionconcentration 15_

inrelationtoanestheticeffectsofbarbltu/_acidderivatives.J.Pharmacol.Exp. Ther.68:312-329,1940.

127.COLLANDER, R.: On "Lipoidsolubility."Acta Physiol.Scand. 13:3_3-381,1947.

128.COLLA.WnEE,R.: Die verteilungorganischerverbinduugen zwlsehenRtherund ws_ser.Acta Chem. Scand.3:717- 16(
747, 1949.

129.Co_Y, C. M., METC._L_E.S.M.,TUnN_R, B.,BcnGz-_,A, S.V._._-DMm'C_FZ, J.C.: The bindingofbeazylal- I_

coholtoerythrocytemembranes. Biochim. Biophys.Acta 733:720-729,1971.

129a.COLQU_OU_, D. A_'vRXTC_IZ,J.M.: The interactionatequilibriumbetweentetrodotoxinand mammalian non- 16:
myellnatednervefibers.J.Physiol.(Lend.)221:533-553,1972.

180.Co_nouRts, G. A.: A studyon themechanism ofactionofcocaineon amphibian peripheralnerve.J.Pharmacol. 16;

Exp. Ther.131:243-249,1961.

131.COOPER, R. A.: Anemia withspur cells:a red celldefectacquiredinserum and modified inthe circulation.J. l,
Clin. Invest. 48: 1820-1831, 1969. Ith

132. COPE, F.W.: Nuclear magnetic resonance evidence using D20 for structured water in muscle and brain. Biophya.
J.9: 303-319, 1969. l_

133. COnNEta_, B. A. A.WDTROUP, G. J. F.: A mass spectrographic investigation of the hydrate of H2S and halothane.

Anesthesiology 35: 183-184, 1971. 16
133a. COURVOISIER, S., FOURNEL, J., DUCROT, R., KOI_K¥, M. AND KOE_rsCHET, P.: Propri_ ph_ynami-

quesdu chlorhydrstedechloro-3-(Dim(_thylamino-3'-propyl)-10' -ph_nothi_ine (4.560 RP). Arch. Int. Phaxo 16
_yn. ThOr. 92: 305-361, 1953.

184.CRAIe, C. R. A._nDzxeoN, J.R.: Anticonvulsantactivityo[steroids,specificityofstructure.Arch.Int.Phar- I_

macodyn. Th6r. 172:366-372,1968.

l_a. CRESCITELLI, F. AND GIEI_AN, T. A.: Certaineffectsofantihistaminesand relatedcompounds on frog nerve 17
fibers. Amer. J. Physiol. 164: 509-519, 1951.

135. CmsP, D. J., CRISTxE, A. O. A._D GUOB._SHr, A. F.A.: Narcotic and toxic action of organic compounds on bar-
nacle larvae. Comp. Biochem. Physiol. 22."629-6t9, 1967. 171.

136. CeAPO, A. I. x_n WXEST,W. G.: An examination ,of the quantitative relationship between progesterone and the
m,'Antenance ofpregnancy. Endocrinology85: 73,5-746, 1969. 172.

137.Cm_z_, S.C., EozR, If,E. I.,CC_L_.._,B. F. A_'DGP_zoosY, P.: Observationson the anestheticeffectofthe
combinationofxenon and halothane.Anesthesiology31:305-309,1969. 173.

188.Cu_rm, B.A.: Calciumefl]u_from frogtwitchmusclefibers.J.Gen. Physiol.55:243-253,1970.

189.CvR_.s,D. R. ASP PmLLm, J.W.: The actionofprocaineand atropineon spinalneurones.J.Physiol.(London) 174.
153: 17-34, 1960.

140. CUT_E_]_, A. W.: Membrane lipide and drug action. Pharmacol. Rev. 19: 59-106,1967. 175.

141. DAm,, D, R.: Short chain fatty acid inhibition of rat brain Ns-K adenosine triphoephata_. J. Neurochem. 15: 176.
815-820, 1968.

142. D.a._o,-"¢, B. G., Bx'rr._.s, E. E., CHEN, S. ANn YoNo, E. Y.: The effect of diphenylhydantoin on sodium eflinE 177.
from eingle barnacle muscle fibers. Life Sci. 10: 437-443, 1971.

143. DAVIEs, J. T.: The "penetration and puncturing" theory of odor: types and intensities of odors. J. Colloid Inter- 17_,
|ace Sci. 29: 296-304, 1969.

144.DAVIS, P.W. A_'vBRODY, T. i_,I.:Inhibitionof Na+-K÷-activatedadenosinetriphosphataseactivityinratbrain 17
by aub_titutedphenothiazines.Biochem. Pharmacol.15:703-710,1960.

145.DAvsO_¢,H.: Ionicpermeability.The comparativeeffectsofenvironmentalchangeson the permeabilityofthe l_-

cat_Tthrocytemembrane tosodium and potassium.J.Cell.Comp. Physiol.15:317-330,1940.

146.DEz_m_, L.L. M. v._xA_n D_s_, R. A.: Penetrationof lipidmonolayersby psychoactivedrugs.Biochim. It

Biophys.Acta 94:312-316,1965.

14_a.D_ JA_IARILL00G. A. V.ANn GUTH, P. S.:A studyofthelocalizationofphenothiazinesindog brain.Biochem. 1__

Pharmacol.12:525-532,1963.

147.Dz JoNo,R. H. AND N.¢CE,R. A.: Nerve impulseconductionand cutaneousresponsesduringgeneralanesthesia.

Anesthesiology28: 851-855,1967. I_

148.D_ Jo_n,R. H. x_-nROB_-Ee,R.: Monceynaptictransmissioninthe eat'espinalcord.Anesthesiology29:887-891,
1968. 1._

149.DE JoNo,R. H., ReaLES, R.,COEBIN, R. W. AND NAC_, R.A.: Effectofinhalationanestheticson moncsynaptie
and polysynaptictransmissioninthespinalcord.J.Pharmacol.Exp. The.r.162:326-330,1968. l_

1_0.Dz Jo._o,R. H., ReaLES, R. AND MORL_AWA, K. I.:Actionsofhalothaneand nitrousoxideon dorsalhorn neu-

rons ('_rhespinalgate").Anesthesiology31:205-212,1969. If

151.D_ JoN_, R. H. ANn WAGMAN, I.H.*.Physiologicalmechanisms ofperipheralnerveblockby localanesthetics.

Anesthesiology24:684-727,1903.
1_2.DE JONUt R. H. AND WAGMAN, I.l_I.: Physiologyofregionalanesthesia.Int.Ancsth.Clin.I:_35-545,1963.

153.DS JoNo, R. H. AND WAGMANt I.H.: Blockofafferentimpulsesinthe dorsalhorn ofmonkey. A possiblemecha_ I

nism of anesthesia. Exp. Neurol. 20: 352-358, 1968.
154. DE_Eb, R. A. ANn VA.wDZZNg_, L. L. M.: Penetration of lipid monolayers by psychoactive drugs. Chem. Phys. 1:

Lipide 1: 66-82, 1966.
155. DzsPoPov_os, A.: Antihemolytie actions of tricyelic tranquilizers. Biochem. Phaxmacol. 19: 2907-2914, 1970. 1,



MEMBRANE ACTIONS OF ANESTHETICS AND TRANQUILIZERS 639

_. Scl. _i I_8. DZTrSARN_ W. D.: The active form of local anesthetics. Bicchim. B_ophys. Acta 57: 73-76, 1962. i_!
157. DEu_cr_, B.: Transformation and r_tomtion of biconcave shape of human erythrocytes induced by ampi-_. Int. _ philie agents and chan_es of ionic environment. Biochim. Biophys. Acts 163: 494-500,1968.

158.DEv-rlcr.z,B.: Anion permeabilityofthe redbloodcell.Naturwissenschaften57:172-179,1970.
xation 159.DZU_CK_, B. A.'cvGZRI_C_, E.: Beeinflussungyon Form und Phosphat-Permeabi]it_tmenschlicherErythro-

eytendutch Hgmolyslne, Benzol-Derivateund pharmakologi_chaktiveSubstanzen. Kiln.Wochenschr. 45: .j

i 077-983,1967.

$:717- 160.DEV]_NUTO, F.,LIGON, D. F.,FRIEDRIC_SEN, D. H. AND WILSON, H.L.: Human erythrocytemembrane uptake

ofprogesteroneand chemicalalterations.Biochim. Biophye.Acta 193:35-47,1969.

•ylal- 181.DIDISHEIM,J.C.AND POSZERN£X, J.M.: Anesth_siediff_rentieUedu ned eclatiquedelagrenouille.Helv.Physiol. l
Acta 17: 242-253, 1959.

162. Dn, s,y_o, C. A., Baow_, R. E. B_T._, C. G., Hzc_z_, C. G. A_ K,ms_zD_r, S. S.: Additive effec_ of anesthetiCs

and theoriesofanesthesia.Anesthesiology36:57-63,1972. I
tnsco|. 163.DI Rosa, _. blqVWILLO_:U_BY,D. A.: Screensforanti-inflammatorydrugs.J. Pharm. Pharmacol.23:297-298,

l

1971.

ion.J. 164.DOVSLAS, E.: Solubilitiesofoxygecn,_rgon,and nitrogenindistilledwater.J.Phys.Chem. 68:169-174,1964.
165.DOUOL_S, W. W.: Stlmulus-secretioncoupling:the conceptand cluesfrom ehromai_n and othercells.Brit.J.

_phy_. PharmacoL 34: 451--474,1968.

186.DOUOLAs, W. W. A_D KA_¢O, T.: The effectofamethc,mine on acetylcholine-induceddepolarizationsnd care-

thane, eholamlnesecretioninthe adrenalchromaffincell.Brit.J.Pharmacol.Chemother.30:612-619,1967.

187. DOWNES, H., PERRY, R. S., OSTLI_D, R. _. AND _ARLRR, R.." X study of the excitatory effects of barbiturates.
nsmi- J. Pharmacol. Exp. Ther. 175: 692-699, 1970.
Phar- 1_8. Dmcv_, J. W.: Intravenous ethanol anesthesia: a gtudy of dosage and blood levels. Anesth. Analg. 49: 467-475,

1970. iPharo 169.EOZR, If,E.I.,Jonsso.'¢,E. A.,LARsos, C.P. A.w_SZVmRr_O_L_US,J.W.: Theuptake and dis_ributionofintra-
venousether.Anesthesiology23:647-650,1962.

nerve 170. EaZR, II, E. I., LUNDGREN, C., MILLER, S. L. AND STEVENS, W. C.." Anesthetic potencies of sulfur hexafluoride, ,|
carbon tetrafluorlde, chloroform and ethrane in dogs: correlation with the hydrate and lipid theories of anes-

bar- theticaction.Anesthesiology30:129-135,1969.

171.Eoz_g,If,E. I.A_n SaASUZL, R. O.: The lackofhydrateformationata temperatureof0°C ofmethoxyflurane,

_dthe halothane, dlethyl ether and fluoroxene. Anesthesiology 30:136-137,1969.
1_. EOmR, H, E. I., SAIDMAN, L. J. AND BRANDSTATER, B. : Minimum alveolar anesthetic concentration: A standard

)f the of anesthetic potency. Anesthesiology 2b: 756-763,1965.
17].EamR, If,E. I.,SArD_AN, L.J.A_ BnANDS'eATEILB.: Temperature dependenceo[halothaneand cycloprol_ne

ane_rtheslaindogs:Correlationwithsome theoriesofanestheticaction.Anesthesiology26:764-770,1965.

_don) 174.Eo_, II,E. I.,S_A_OZL, R. _ Mm_z_, G.: Solubilityofdiethyletherinwater,bloodand oil.Anesthesiology
34: 676-678, 1963.

175. E_R_.we_mm, S.: An approach to the molecular basis of nerve activity. J. Cell. Corn p. Physiol. 66:159--164,196.5.

n. 15: 179. E_R_'_RZ]S, S. A_D KZLLOCX, XL G. : Acetylcholine receptor protein and nerve activity. I, Specific reaction of
local anesthetiCS with the protein. Biochem. Biophys. ires. Commun. 2: 212-216,1960.

_f_ux 177. E_L_RO, E., Bo_v, M. L. A_v KmLrZR, A.: Effects of alcohol on cerebellar and vestibular neurones. Arch. Int.

Pharmacodyn. Th_x. 192: 213-219, 1971. z
nter- 178.EW_LnZRC, E.AND WOOLZ _',D.F.: Effectsofethylalcoholupon spinalcordneurones.Arch.Int.Pharmacodyn.

ThOr.185:388-306,1970.

)raln 179. E_¢, A. A., M._m_'_wmw, V. _ SALMn_SN, S.: Ion movements in red cells treated with propanojol. Acta.
Physiol. Scand. 75: 333-344, 1969.

the 180.ELD_J_.wL M. E. AND O'BR]_, R. D.: Perme_h_ity of the abdominal nervecordof theAmerican cockroach,

Pr,,'iptan_.aamericana(I,.)toaliphaticalcohols.J.InsectPhysiol.13:691-698,1967.

him. 181._, L.-G.: Effectsofreserpineon the surfacestructureofchromafllncellsintheratadrenalmedulla.J.Ultra-

•t_ct. Res. 21: 459-473, 1968.

hem. 182. ELLICa'r, R. C. £a'D QI/_LIA._, J. P.: Some actions of centrally active and other drugs on the transmission of single
nerve impulses through the isolated superior cervical ganglion preparation of the rabbit. Brit. J. Pharmacol.

_ia_ 23: 222-240, 1984.

183. EscosAs, R. A.: Differential alteration of the component waves of nerve action potential by local anesthetics,
-891, ethanol, urethane and cyanide. Arch. Int. Pharmacodyn. ThOr. 56: 251-259, 1937.

184.E_'INGEn, G. H.,BROWN, A.B.ANn MZO_, A.H. : Potentistionofacetylcholineby slcoholand ether.J. Phar-

tptle macol. Exp. Ther. 73: 119-126, 1941.
185. Eu_,ZR, U. S. yon A.WDLISHAJXO, F.: Effect of reserpine on release of noradrenaline from transmitter granules in

neu- adrenerglc nerves. Science 132: 351-352, 1960.
18,5_Eu_zz, U. S.yon AND LmH_JxO, F.: Effectofsome drugson the releaseofnoradrenalinefrom isolatednerve

tiCS. granules.In ProceedingsoftheFirstInternationalPharmacologicalMeeting,Stockholm,vol.V, Methods for

the Study ofPharmacologicalEffectsat Cellularand SubcellularLevels,ed. by O. H. Lowry, 77-84,Per-

gamon Pre_, New York, 1963.

cha- 18_b.EUI,ZR,IT.S.yon AND LmzzA#_O,F.: Effectof adeninenucleotideson catecholaminereleaseand uptake iniso-

latedadrenerglcnervegranules.Acts Physiol.Scand.59:454-461,1963.

hys. 185c. Ev-_]z, U. S. YON A.'¢VLmUAJRO, F. : Effect of reserpine on the uptake of cateoholamine in isolated nerve storage
granules. Int. J. Neuropharmacol. 2: 127-134, 1963.

18._i. E_n, U. S. yon AND LmSAJxO, F.: Effect of drugs on the storage granules of adrenergic nerves. In Proceedings



640 SEEMAN

oftheSecondInternationalPharmacologicalMeeting,Prague,vol.5,Pharmacology ofCardiacFunction,ed.by 215.:
O. Krayer,pp.245-260,Pergamon Press,New York,1965.

185e. EtYLZR, U. S. yoN, STJARNm, L. AND LISHAJKO, F. : Effects of reserpine, segontin and phenoxybenzamine on the 216.
catecholamines and ATP of isolated nerve and adrcnomedullary storage granules. Life Sci. 3: 35--40,1954.

186. EX'RI_G, H.: Untangling biological reactions. Science 154: 1G09-1613, 1966. 217.
187.PRATHERSTONE, R. _f.AND MUE_BARCEER, C. A.: The currentroleofinertgasesinthe searchforanesthesia

mechanisms. Pharmacol.iRev.15:97-121,1963. |18.
1_. PEATHERSTONE, R. M., MUEHLBAECHER,C. A., DEBON, P. L. AND FORSAZTH,J. A.: Interactions of inert anes-

thetic gases with proteins. An_thesiology 22: 977-981, 1961. 219.
189. FZAT_ZaSTONE, R. ]H. AND SCHOENBORN,B. P.: Protein and lipid binding of volatile ahaesthetic agents. Brit. J.

Anaesth. 36:150-154,1964. 2_0.
189a. FmNST_XN, M. B.: Inhibition of caffeine rigor and radiocalcium movements by local anesthetics in frog sar-

torins muscle. J. Gen. Physiol. 47: 151-172, 1983. _l.
190. FZn_'STZIN, M. B.: Reaction of local anesthetics with phosphollpids. J. Gen. Physiol. 48: 357-374,1964.
191. FZL_STEIN, M. B. AND PADRE, M.: Specific reaction of local anesthetics with phosphodiester groups. Biochlm.

Biophys. Acts 115: 33-45, 1966. _la_

192.Fzn_sTzn_,M. B. AND PA_RZ, M.: Mode ofanticholinergicactionoflocalanaesthetics.Nature (London) 214: _Ib
151-153,1967.

193.FI_INSTZIN,M. B.AND PAIMRE, M.: Pharmacologicalactionoflocalanestheticsonexcitation-contractloncoupling 222.
instriatedand smooth muscle.Ted.Proc.28:1643-1648,1969.

194.FRXNSTRXN,M.B.,PAr_RE, M. ANDLER, M.: Effectoflocalancstheticsonexcitation-couplingmechanisms.Trans. _.3.
N.Y. Acad. ScL 30:1073-1081,1968.

195.FRXNSTmN, M. B., SPERO, L. AND F]SLSENFIELD,H.: Interactionofa fluorescentprobewith erythrocytemere- 224.
braheand lipids:effect8oflocalanestheticsand calcium.Fed.Eur.Biol.Soc.Lett.6:245-248,1970.

196.FELDMAN, S.AND DAFNY, N.: Effectsofcortisolon unitactivityinthe hypothalamus ofthe rat.Exp. Neurol. 2.25.
27:375-387,1970.

197.F_NXC_ZL, I.R. ANn HOROWIT*Z, S.B.: Measurement ofanestheticpotency.Science152:1110,1966. 226.
198.Fz_, W. O.ANn BOSCHZ_, V. P.: Hemolysis under high hydrostaticpre_ure.Proc.Soc.Exp. Biol.Med. 137:

847-851,1971. 227.(J
199.FERUUSON, J.:The useofchemicalpotentialsasindicesoftoxicity.Proc.Roy. Soc.BIT/:387-404,1939.

200. FRRGUSON.J. AND PIRIZ, H.: The toxicity of vapours to the graln weevil. Ann. Appl. Biol.35: 532--550.1948. _8. C;
201. FZSTOFF, B. W. ANn APPE'., S. H. : Effect of diphenylhydantoin on synaptosome sodium-potaseium-ATPaee. J.

Clin.Invest,47:2752-2758,1968. 229.G
201a.PmWER, D. ANY SHOT.yON,H.: The effectofxyloealneand colchicineon nervetransmission.J.CellBiol.47: 82a,

1970. 23O.G
_° PIEHN_ W. ANn HA_ELBACH, W.: The effectof diethyletherupon the functionofthe vesiclcsof sarcoplasmia

reticulum.Eur.J.Biochem.9:574-578,1909. 231.G
203.FIR|SMARK,H.,BARLOW, C. F._.NDI_O_, L.J.:The entry,accumulationand bindingofdlphenylhydantein-2o

C_ in brain. Studies on adult, immature and hypercapnic cats. Int. J. Neuropharmacol. 2: 25-38,1963. _32. G
204. PLSREZ, J., POMARsJ. L. AND MALPARTIDA_F.: beta-Adrcnergic blockade and antiarrhythmic activity o1 (-)-

and (-{-)-propranolol. Rev. Espan. Fisiol. 25: 287-292, 1969.

205. FL'f_N, G. L.: Structural approach to partitioning: estimation of steroid partition coefl_cien_ based upon too- _3. C
lecular constitution. J. Pharm. Sci. 60: 345-353,1971.

206.Fo_s_zR, J.AND MAN_Rr, J.F.: Calcium bindingby human erythrocytemembranes. Biochem. J.124:563- 234.
$71, 1971.

206a. F_ANK, G.B.: Drugs which modify membrane excitability. Fed. Proc. 27:132-138,1968. _,5.
207. FRANK, G. B. ANDJHAMANDAS, K. : Effects of drugs acting alone and in combination on the motor activity of in-

tact mice. Brit. J. Pharmacol. 39: 696-706,1970. _
208. FRANK, G. B. ANn JHAMA_VAS, K. : Effects of general depressant drugs on the electrical responses of isolated slatm

ofcat'scerebralcortex.Brit.J.Pharmacol.39:707-715,1970. _7.

20_. PRANK, G. B. AND PINSKY,C.: Tetrodotoxininducedcentralnervoussystem depression.Brit.J.PharmacoL

Chemother. 26: 435-443, 1960. _37_
208b.PRANK, G. B. ASD SANDZRS, H. D.: A proposedcommon mechanism ofactionforgeneraland localanesthetics

inthecentralnervoussystem.Brit.J.Pharmacol.Chemother. 21:I-9,19f_. _8.

_08c.FRANmS, F.:Solute-waterinteractionsand thesolubilitybehaviouroflong-chainparalrmhydrocarbons.Nature

(London) 210: 87-88, 19_6. 239.
209. Fasz_zn, D. T., MV_tAYAMA,K., ABBOTT, N.J. AND NARAHAS_X, T.: Effects of morphine on internally perfumed

_quid giant axons (Abstract). Fed. Proc. 30: 205,1971. 240.
210. FRsZ_ER, D. T., NARAHASH_,T. A_n Y_ADA, M.: The site of action and active form of local anesthetics. II. Ex- 24_

periment_ with quaternary compounds. J. Pharmacol. Exp. Ther. 171: 45-51,1970.
211. FRRS_A_r, A. R. AND S_m_ze, hi. A.: Further effects of chlorpromazine on the human erythrocyte membrane. 241.

Biochem. Pharmacol. 13:1235-1237,1963.
212. FmTZ, O. G., JR., SCOTT,A. C. ANn SWIFT, T. J.: Effects of local anaesthetic on the state of water in frog nerves. 242.

Nature (London) 218: 1051-1053, 1968.

_13. FmTz, O. G., JR., ANn Swn_, T. J.: The state of water in polarized and depolarized frog nerves. Biophys. J. 7: 242_
675-687, 1967.

214. F_NER0 H.: Die nsrkotische Wirkung des Benzine und seiner Bestandtelie (Pentan, Hexsn, Heptan, 0ctan). 2_3.
Bioehem. Z. 115: 235-261,1921.



..... _ ,- . , _ " ._._._.__-_ _.vz_,_._-_._._'_k._:_e_-_._-_:_a_:._;_'_i _ _._._:_-_:_ ...... _._.

MEMBRANE ACTIONS OF ANESTHETICS AND TRANQUILIZERS 641

;i0t1_ed. by 215. Fu_xTA, T., lwAs_, J. AND HxNsc_, C.: A new substltue_t constant, If, derived from partition coe_eieuts. J.
Amer. Chem. Soc. 86: 5175-5180, 1964.

nine on the 216. Fur, s, Z., LA_rMA_¢, R. C. AZD SCHANKER, L. S.: On the membrane effects of ehlorpromasine: uptake of biologic
)04. amines by the blood platelet and red cell. Int. J. Neuropharmacol. 3: 623-633,1964.

217. GAol, P. W.: The effect of methyl, ethyl and nopropyl alcohol on neuromuscular transmission in the rat. J. Phar-
aneethesla macol. Exp. Thor. 150: 236-243, 1965.

218. GAz,r_no, A.: Procaine, pentobarbital and halothane: effects on the mammalian myoneural junction. J. Ph$.t-
inert ares- macol. Exp. Thor. 177: 366-368, 1971.

919. GAL_X_ER, J. P. _.WDB_AV_R, L. C.: Action of catechol on the isolated tenuissimus muscle 9f the cat. Pharms-
_ts. Brit.J. cologlst 1_: 301, 1970.

920. GAsseR, H. S. A.WDF,P_A_R, J.: The role of fiber size in the establishment of a nerve block by pressure or co-
n frog ear- calne. Amer. J. Physiol. 88: 581-591,1929.

921. GATENBECK, S. AND EHRE._BERO, L.: The influence of anesthetics on monomolecular films of cell llpids: Ark.
Kemi 5: 333-340, 1953.

_.Biochim. 221a. G_m_T_Ln, N. L. _n P_x, C. Y. C.: Acceleration of structural changes in monolayers by sterlod hormones.
Nature (London) 219: 495--496, 1968.

ndon) 214: $91b. G_ssN_, P. K. A_rvCA_A, B. E. : A etudy of the interaction of the hypnotic effects and of the toxic effects of
chloral hydrate and ethanol. J. Pharmacol. Exp. Thor. 174: 247-259,1970.

n gouplix_ 222. GILLESPIR, E. At_v LEVII_E, R. J.: Histamine release by reserpine from rat peritoneal mast cells in v_tro. Biochem.
Pharmacol. 18: 934-935, 1999.

me.Trans. 223. G_r_, F. L., tloces_z_r, P. zz_n TRue, B. F.: Membrane alterations in hemolysis: internalization of plasma-
lemma induced by primaqulne. Science 164: 843-845,1969.

.'yte mere- _4. G_EN, A. J., _RlS, J. _. ANn _%_eT_]_, W. L.: F__ect of halothane on neuromuscular transmission. J. Amer.
Med. Ass. 197: 770-774, 1960.

p. Neurol.
225. GLowI_s_, J. A_n Ax_LaO_, J.: Inhibition of uptake of tritlated-noradrenaline in the intact rat brain by iml-

pramine and structurally related compounds. Nature (London) 204:1318-1319,1964.
226. Gon_R._n¢_, J. M., K_w_uni, H., K_szzv;$, K. A_co PU_AIN, R.: Actions of dinitrophenol and some other

Med. 137: metabolic inhibitors on cortical neurones. J. Physiol. (London) 215:199-222,1971.

227. GODFlZAINV, T., LEs,'_J_,M. A,_'DPous_L A.: The action of dJphenylhydantoin upon drug binding, ionic effects
and inotropie action of ouabaln. Arch. Int. Pharmacodyn. ThOr. 191: 66-73,1971.

•18. 228. GOLns'r_r_, A., Low_'_Y, L. I. A_ PAL, B. K.: Stereospecific and nonspecific interactions of the morphine con-

_TP_am. J. goner levorphanol in _ubcellular fractions of mouse brain. Proc. Nat. Acad. Sci. U.S.A. 68:1742-1747,1971.
229. GOOnMAN, D. S.: The interaction of human erythroeytes with _odium palmitate. J. Clin. Invest. 37: 1729-173,5,

47: 62a, 19,58.
230. GORDON, 3f., CRAIO, P. N. A_r_ ZxRr_R, C. L.: Molecular modification in the development of phenothiazine

,_l_mic drug_. Advam Chem. Set. 45:140-147, American Chemical Society, Washington, 1964.
231. Go_l_', R. E. A_'D BI_NSKV, M. W.: Selective activation by abort chain alcohols of glucagon responsive adenyl

_atoin-2o eycls_ in liver. Eudocrinology 87: 1075-1081,1970.
939. Go_r,x_n, S. F., C_r_, A. Azgn M_,rz, JR., A. V.: F_,ffectof xenon, krypton and nitrous oxide on sodium ae-

y of (--)- five transport through frog akln with additional observations on sciatic nerve conduction. Aerosp. Med. 39:
449-453, 1968.

lpon ran- _33. (}o_r_,I_, S. F. Alqn SAndAl, S. V.: IN'itroua oxide inhibition of sodium transport. Anesthesiology 28: 324-326,
1967.

124: f_ _34. GOZ_'bIZB, S. F. x_'n W_.A_XRLT, J. M.: Physlologlcal effectsof the noble gases on frog sciatic nerve and gastroc-
nemlns muscle. Amer. J. Physiol. 208: 407-411,1965.

$35. GRAhAm, J. M. A_D Gnzxz% C.: The binding of hormones and related compounds by normal and eholesterol-de-

_ity of in- pleted plasma membranes of rat liver. Bioehem. Pharmacol. 18: 493-502,1969.
_6. Gm_zN, J. W.: The relative rate of penetration of the lower saturated monocarboxylie acids into mammalian

.ted slal_ erythrocyt_. J. Cell. Comp. Phyeiol. 33: 247-26_, 1949.
_7. GRogs, N. M.: The pharmacology of local anesthetic agents with special reference to their use in spinal anesthesia.

armacol. Anestheslology 16: _73-593, 1955.
_37a. GRaZeR, N. M. *_n C_RVX_KO, F. W. : Inhalation anesthetics, carbon dioxide and glucose transport acroes red

•_.**hetics cell membranes. Acta Anacsth. Scand. suppl. 28:1-18,1967.

238. G_oonv, G. A., EG_R, E. I. ANn MvI_eON, E. S.: The relationship between age and halothane requirement in
NRtUra man. Anesthesiology 30: 488--491, 1969.

289. GRO_RCXER, H., TIOL_Z,P., PALM, D., B._K, I.J. A_D H_SSL_R, R. : In vitro lysls of erythrocytes and chromaffine
portugal granulesby prenylamine. ExpeHentia (Basel) 24: 701-703, 1968.

_40. Gno_*_, A.: Solubility of gases in blood and blood fluids. J. Biol. Chem. 82: 317-325,1929.
_.H.E_-

240a. (]RURN_R, R. ANn NARAHASHI, T. : The mechanism of excitability blockade by chlorpromazine. J. Pharmacol.

mbrane. Exp. Thor. 181: 181-170, 1972.
$41. Gwr_, P. S., A_no, J., SZL_GZn, O. Z. _n EIDER, L. : Studies in vitro and in vivo of the effects of chlorpro-

marine on rat liver lyeosomes. Bioehem. Pharmacol. 14: 769-77_, 1965.
iaerve_. 942. G_rr_ZCHT, J. AND TOSTnSO_, D. C.: Ion permeability of thin lipid membranes. Effects of n-alkyl alcohols,

polyvalent cations, and a e_ondary amine. J. Gem Physiol. 55: 359-374, 1970.

ys. 3.7: _42a. Guz'r_, 1t.: Stabilization of spider crab nerve membranes by alkaline earths, as manifested in reztlng potential
measurement. J. Gen. Physiol. 23: 346-364, 1940.

Oetan). _,3. Gv'rr_, R.: Temperature characteristics of excitation in space-cLamped squid axons. J. Gem PhyeioL 49: 1007-
1018, 1966.



642 SEEMAN

244. GYER_E_, L.: Pregnanolone: A h/ghly potent, naturally ocCurring hypnotie-anesthet/e agent. ProD. Sos. Exp. 2?6.
Biol. Med. 125: 105541052, ]r,67.

244a. HAczzvr, J. T. A.'_D QUAS_L, D- M. J.: Presynaptic transfer function--effects of chlorpromszlne and raised 277. :
osmotic pressure. Proc. Can. Fed. Biol. Soo. 14: 71, 1971.

244b. HA:VE_AN.W,D. R.: Binding of radioactive tetrudotoxin to nerve membrane preparations. Biochlm. Biophys. 27S-
Acts 266:545-556,19"2. .%"9

2_. HAGGARD, H. W.: An accurate method of dete, _inlng small amounts of ethyl ether in sir, blood, and other fluids, 279a.
together with a determination of the coefficient of distribution of ether between air and blood at various tem-

peratures. J. Biol. Chem. 55: 131-143, 1923. 279b.
246. HAQn_.Rn, H. W.: The absrrption, distribution and elimination of ethyl ether. J. Biol. Chem. 59: 771-781, 1924.
247. H_.GOE_rDAL,J., LLWnQVIST, M. A_'D ROOS, B.-E.: Further studies on monoamine metabolism and behaviour in 279c

rabbits chmnlealiy treated with reserpine. Acts Physiol. Scand. 69: 95-101, 1967.

2t8. HALPERN, B. N. AND BE.a.sm, M.." Action anti-sph_rocytsire de certains corps synth_tiques d_riv_ de la ph_no- 250.
thiazine. C. R. Scances Soo. Biol. 144: 759-760, 1950.

249. Hat_ER.'_, B., DREYVUS, B. A_rD BOURVO_, G.: Inhuenee favorable sur la conservation du sang des d_xives de la 281.
phenothiazlne. Presso Mbd. 58: 1151-1153, 1950.

249a.HAL:FERN, B. N., PZRRIN, G. AND nEWS, P.B.: Pouvoir anesth_ique localde quelquesantihlstaminiquesde $82
synth_me.Relationentrel'actionanesth_ique etl'actionantihistsrnlnlque.J.Physioh (paris)40: 210A-214A,

1948. 2$3.
250. Ha_szY, M. J. _*.trDEnZR, E. I.: The effect of pressure on the anesthetic potency of nitrous oxide (Abstract).

Fed. Proo.30: 442,1971. _
2,51.H_ss_', M.J. AND SMX_, E. B.:Effectsofanestheticson luminous bacteria.Nature (London) 227:1363-1365,

1970. 2_5.
252. HALS_r, M. J., S_rr_, E. B. Ar_V WOOD, T. E.: Ei_ects of general anesthetics on Na + transport in human red

cells. Nature (London) 225: 1151-1152, 1970. 2$_
253. HA.'_SCH,C. A_rV A_'_DERSO_, S. M.: The structure-activity relationship in barbiturates and its similarity to that

in other narcotics. J. Med. Chem. 1O: 745-753, 1967. 2_.
254. H_scH, C. A_D GL&V_, W. R.: Structure-activity relationships in membrane-perturbing agenle. Hemolytic,

narcotic,and antibacterialcompounds. _ol.Pharmacol.7:337-354,1971. 288.
255.Havazm, E, J._D OC_S, S.:Effeeleofsodium extrusionand looslanestheticson muscle membrane resistance

and potential.J.Physiol.(London) 18]:5-21,_}66. _89.I_

256. HARRIs, R.A.,_U.'_EO_,J., FARMER, B., Kr_, FL C. ANVJENgJ-ws_P.:Actionofhalothaneuponmitochondrtni 290. I
respiration. Arch. Biochem. Biophys. 142: 435-444, 1971.

2_f_t. HARRIS, J. B. A_D T_ESL_F_, S.: Studies on tetrodotoxin resistant action potentials in denervsted skeletal 291. I
muscle. Acts Physiol. Scand. 83: 382-388, 1971.

257. HA_OR_, M. A_CDLgw_s, R. A.: Inhibition of siekling by phenothiazines. Brit. J. Haemstol. 12: 195-201, 1966. £*92. I
258. HAXYSER,H. A_O DAWSOn, R. M. C.: The displacement of calcium ions from phosphoLipid monolayers by phar-

macologically active and other organic bases. Biochem. J. 109: 909-916, 1968. 293. l
259. HE_LEerV_EC_, D.: Stabilizing-labelizlng effects of reserpine, chlorpromazine, tetracaine, and quinidine on

frog skeletal muscle fibers. Naunyn-Schmledebergs Arch. Pharmakol. Exp. Pathol. 271:125-141, 1971. 294. l
260. H_.WDZnsO_, V. E.: The present status of the theories of narcosis. Physiol. ReD. 10: 172-220, 1930.

26I. Hz_Ae;s_r, K.: The present status of the theories of narcosis. Physiol. ReD. I0: 172-220, 1930. 295. I
262. H_us_R, G.: Induction of anesthesia, seizures and sleep by steroid hormones. Anesthesiology 28: 173-182, 1967.

263. H_G_A_, H. B. A_D BARRELS, E.: The competitive nature of the action of aestylcholine and local anestheties. 29_. _
Biochlm. Biophys. Acts 54: 543-554, 1962.

264. HL_L_, B.: Ionic channels in nerve membranes. Progr. Biophys. Mol. Biol. 21: 1-32, 1970. 297.
265. H_L_g, B.: Common rode of action of thine agents that decrease the transient change in sodium perme:abLllty

in nerves.Nature (London) 210:1220-1222,1966. _

266.H_, B.: The eelcctiveinhibitionof delayed potassium current_in nerve by tetraethylammonium ion.J.
Gen. Physiol.50: 1287-1302,1967. 299

267.H_L_, B.: Pharmacologicalmodificationsofthe sodium channelsof frognerve.J. Gen. Physiol.51: 199-219,

I_.

268.H_Lz, B.: The hydrationofsodium ionsero_ing the nerve membrane. Proc.Nat. Acad. Sol.U.S.A. 68:280-
282,1971. 301.

268a. ]:_LRSCHFELDER, A. D. AND BIETER, R. N.: Local anesthetics. Physiol. ReD. 12: 190-282, 1932. $02.

269. HoD6z_s, A. L., HVXLr.v, A. F. A.'_) KATE, B.: Ionic currents underlying activity in the giant axon of the squid.
Arch. Sc_. Physiol. 3: 129-150, 1949. $03

270. HODG'_AS, C. D.: Handbook of Chemistry and Physics, Chemical Rubber Publishing Co., Cleveland, 1956.
271. HoFF_t_rt_, W. W., PAmso_rs, R. L. _D F_O_, G. A. : Effects of temuerature and drugs on mammalian motor

nerve termlnale. Amer. J. Physiol. 211: 135-140, 1966. 303:
272. Hs_zz_v, T.: The effect o! reserpine on the intraneuronal vesicles of the rat van deferens. Experientia (Basel)

22: ,56, 1966. 304
273. Ho_Lm_Sn, L. E.: Human I_harmacology of antipsychotic and antidepressant drugs. Annu. ReD. Pharmacol.

8: 491-516, 1968. _._

274. Ho_Losz_, J. 0. A_'D NARA_t.RA, H. T.: Enhanced permeability to sugar associated with muscle contraction.
Studies of the role of Ca+*. J. Gen. Physiol. 50: 551-562, 1967.

275. HOLMES, D. E. A._rv P_E_, L. H.: Effects of phenothiazine derivatives on biologicel membranes: drug-induced 30*
changes in electron spin resonance spectra from spin-labeled erythrocyte ghost membranes. J. Pharma_ol.

Exp. Ther. 173: 78-84, 1970.



4
1
4

ME_IBRANE ACTIONS OF ANESTHETICS AND TRANQUILIZERS 643 ]

_. Exp. 276. Hoaowi_'z, S. B. *_v FB_mHBL, I. R.: Diffusion and the transport of organic non-electrolytes in cells. Ann. i
N.Y. Acad. Scl. 125: 572-594, 1965.

raised 277.HOSKL_, F. C. O. AND ROSENBERG, P.:Penetrationofsugars,steroids,amino acids,and otherorganiccom-
pounds intothe interiorofthe squidgiantaxon.J. Gen. Physiol.49: 47-56,1956.

_phys. 278.Ho_cx, D. J.:Effectofalcoholson potentialsof lobsteraxons.Amer. J.Physiol.216:364-367,1969.

279.HSUEH, C. M. A.WD_fARVEL, C. S.:Opticallyactiv=hypnotics.J.Amer. Chem. Soc.50:855-859,1928.

'fluids, 279a.HUBBELL, W. L. AND MCCONNR_J_, H. _[.:Spin-labe,,tudie_ofthe excitablemembranes ofnerveand muscle, i

m tom* Proc.Nat. Aesd. Sci.U.S.A. 61:12-18,1968. i279b. HUBBELL, W. L. AND _t[cCoNNEL, _-I. M._ Motion of steroid spin labels in membranes. Proc. Nat. Acad. Sci.

1, 1924. U.S.A. 63: 15-22, 1969. i
Sour in 279o. HuBnFJ_, W. L., McCo.w_E_,., H. M.._¢n M_TC_LF_, J. C.: Magnetic resonance studies of anesthetice in tyro-

membranes. Brit. J. Pharmacol. 35: 374-375P, 1969.

ph_no- 280. HuDmXS, P. M.: Some drug effects on calcium movements in aortic strips. J. Pharmacol. Exp. Ther. 170: 303-
310, 1969.

_ede la 231. HUNTER, F. R.: The effect of n-butyl alcohol on the permeability of erythrocytes to non-electrolytes. J. Cell.
Cutup. Physiol. 58: 203-216, 1961.

luee de 282. H_R, F. R., Gzoau_, J. x_n OsPx_x, B.: Possible carriers in erythrocytca. J. Cell. Cutup. Physiol. 65: 299-
_-214A, 311, 19_.

283.Hvaw*rz, L.,BAT'rLB,F. AI_D WEIr, G. B.:Actionofthecalciumantagonlst,scocaineand ethanolon contraction

_tra_t). and pota,_dume_iuxofsmooth muscle.J. Gen. Physiol.46:315-,332,1962.

I284.Hv,rcm._so_r,E.:The behaviourofhuman exythrocytesinaqueous alcoholsolutions.Arch.Biochem. 38: 35-41,
_3-1365, 1952.

285.II_r_, J.A._DJCauzxsz_, A.:Studieson lysosemesstabilizationby antirheumaticdrugs.Eur.J.Pharmacol.

,m red 11: 383-387, 1970.
286. IcHroxa, M., UZ_ARA, Y. x.wn _T_URA, S.: On the local response of a single node of Ranvier under various

to that conditions. Jap. J. Physiol. 10: 235-245, 1960. !tolytie, 287. Io_xnno, L. J.: Dissimilar effects of anti-inflammatory drugs on stability of lysosomes from peritoneal and circu.lating leucocytes and liver. Biochem. Pharmacol. 20: 2861-2870, 1971.
288. I_Nxano, L. J.: Effects of anti-inflammatory drugs on the stability of rat liver lysosomes in vitro. Biochem.

_tance PharmacoL 20: 2847-28_0, 1971. '_
289. IXELS, K.-G.: Defeuse documentation center report SAM-TDR-64-1; SAM-TDR-64-28. (Quoted in Ref. 44.)

_ndrial 290. IMANZS_I, A., MOMOTANI,Y. ANn ISm_U_S_, T.: The interac*_ion of detergents with proteins. J. Biochem. (Tokyo)
57: 417-429, 1965.

,keletal 291. ISO_OT, A. D. AND WOL_rA,E.: Reactions of non-eteroidal anti-inflammatory drugs with the erythrocyto mem-
brane. Biochem. Pharmacol. 17: 265-279, 1968.

l, 1066. 292. I_GO_LX*, N. A. a_v DOLZ, V. P.: Localization of d- and 1-methadone after intraventricular injection into rat
phar- brains. J. Pharmscol. Exp. Thor. 175: 84-87, 1970.

293. I_ouz, F. ANt) FRANX, G. B.: Action of procaine on frog skeletal muscle. J. Pharmacol. Exp. Thor. 136: 190-196,
She on 1962.

294. I._ov_, F. *_v FRam[, G. B.: Action of ether on frog skeletal muscle. Can. J. Physiol. Pharmacol. 43: 751-761,
1965.

295. I_ouz, F. ANn FRAN_, G. B.: Effects of ethyl alcohol on excitability and on neuromuscular transrni_iou in frog
_, 1967. skeletal muscle. Brit. J. Pharmacol. Chemother. 30: 186-193, 1967.
_etics.

ISAAC, _f., PANDIT, S. K., DUNDEE, J. W. AND GALWAY, J. E.: Intravenous ethanol anaesthesia. Aeta Anaesth. i_93.

Scand. 15: 141-155, 1971. i

297. Is_r_, Y.,'K_sT, H. _NB LAVTEa, I.: Effects of ethanol on Na, K, Mg-etimulated m_crosomal ATPase av- i

ability tivity. Biochem. PharmscoL 14: 1803-1813, 1965. t!
398. IS_'., Y., _,A_T, H. AZ;DLEnLANC, A. E.: Effects of lower alcohols on potassium transport and microsomal

ion. J.
adenoein_triphosphatase activity of rat cerebral cortex. Biochem. J. 100: 27-33, 1966. !

299. IS_.ZL, Y., S_v.AzA]z, I. AND ROSZ._'_A_¢, E.: Inhibitory effects of alcohol on intestinal amino acid transport in

99-219, _vo and in vitro. J. Nutr. 96: 499-504, 1968. ._!
300. ISRAZ'., Y., V_S_Z_ELA, J. E., S*r_*z&z, I. AND UGARTE, G." Alcohol and amino acid transport in the human ._

$: 280- small intestine.J. Nutr.98:222-224, 1OS9.

301. Iwg_s_N, L. L.: Inhibition of noradrenaline uptake by drugs. J. Pharm. Pharmacol. 17: 62-64, 1965. :_ _
302. IWATSUX_, N. A_D Ssmos_), S.:Diethyletherand contractilityofisolatedcatheartmuscle.Brit.J.Anaesth. _:

equid. 43: 420-426, 1971. i
303. JAA_us, S. D., M2znz, E. A_rn RnmxN, R. P.: The analysis of the inhibitory effect of local anesthetics and pro-

19_6. pranololon adreno-medullarysecretionevoked by calciumoracetylcholine.Brit.J.Pharmacol. Chemother. i
motor $1: 319-330, 19_7. i

303a. JACOBS,M. H. A.'_'DP*RPART, A. K.: Osmotic properties of the erythrocyte. IV. Is the permeability of the erythro- !
:B_) cyte to water decreasedby narcotics?Biol.Bull.Mar. Biol.Lab. 62:313-327,1932. !

304. Jacctu¢s, P., ENNI8, R. S. AND Dz Duvz, C.: Influence of cationic substances on the stability of rat liver lyso-

maeol, eomee. J. Cell Biol.23: 45a, 1964.

tCtlon. 305. JXn_CHZN, E., KmsuLsT_rz_r, J. AND KUSCI]LI2VSKY, G.; Die Bedeutung der BenzoLringe bei der Eiweiesbindung !
yon Promazine und Chlorpromazine. Naunyn-Schmiedebergs Arch. Pharmakol. Exp. Pathol. 263: 375-386,

1969. i
,duced 306. Ja_'sSON, S.-E.: Effect of ehlorpromazine, mepyramine, prenylamine and reserpine on 5-hydroxytryptamine
macol, content and fine structure of rat peritoneal mast cells incubated in vitro. Acta Physiol. Scand. 78: 420-430,1970. r_

i

:I

t

i

!



644 SEEMAN

307. Jm_'REY, G. A.,JoRDAN, T. H. A_D McM_Ax, R. K.: Clathrate hydrates of some amines. Science 155:689-6910
1967. 334. I:._

$08. JIRGENSO='_S,B.: Effects of n-propyl alcohol and detergents on the optical rotary dispersion of alpha-chymotryp- e
minogen, beta-casein, histone fraction F1, and soybean trypsin inhibitor. J. Biol. Chem. 242: 912-918, 1967. _. Kr

$09. JOHNSO.'¢, C, L. AND ScawJLw'rz, A.: Some effects of local anesthetics on isolated mitochondria. J. Pharmacol. c

Exp. Ther. 167: 365-373, 1969. 3._. Ki
310. JOH_'SOI_r, F. H°, Bnow.%-, D. E. S. A_'D MA]_.SY_A_D,D. A.." Pressure reversal of the action of certain narcotics. 1

J. Cell. Comp. Physiol. 20: 269-276, 1942. 337. K_
$II. JOH_'SON, F. H., EvaI._O, H., STEBLAY, R., CHAPLI._, H., HUBER, C. AND GHEnARDI, G.: The nature and con- ]

trol of reactions in bioluminescence with special referenCe to the mechanism of reversible and irreversible in- 33S. K_
hlbitions by hydrogen and hydroxyl ions, temperature, pre_, alcohol, urethane and sulfanilamide in bac-
teria. J. Gem Physiol. 28: 463-_37, 1945. 339. K,

$12. Jo_sso_, S. M. A_CDBA_Gm_._, A. D.: The action of anaesthetics on phospholipld membranes. Biochim. Biophy_. $40. K,
Acta 193: 92-104, 1969.

313. JOHNSON, S. M. A._D MILLIOn, K. W. : Antagonism of pressure and anaesthesia. Nature (london) 228: 75-76, 1970.
313a. JOHNSO.'¢,S. M., M_LEn, K. W. A._n) BA._, A.: Personal Communication. 341. K _

$14. JeaGENSEN, P. L. A._D Sxou, J. C.: Purification and characterization of (Na + -_- K+)-ATPase. I. The influence 342. K °
of detergents on the activity of (Na + + K+)-ATPa-_e in preparations from the outer medulla of rabbit kidney.

Biochim. Biophys. Acta 233: 366-380, 1971. _43. K
$15. Jo_, A., B_A_CC_ZT_, A. _.'_n P_sT_._, P. E.: Relations between barbiturate brain levels and sleeping time in

various experimental conditions. Biochem. Pharmacol. 19: 2687-2694, 1970.
$1_a. Jv_, J. D.: Drugs and enzymes. In Ciba Foundation Symposium on Enzymes and Drug Action, ed. by J. L. 344. K

Mongar and A. V. S. de Reuek. p. 359, Little Brown, Boston, 1962.
$16. J _-,xz_, R. M. _,_o HX_E_, L. M.: Stabilization of excitable membrane by chronic administration of diphenyl-

hydantoin.J. Pharmacol. Exp. Ther. 175: 206--212, 1970. 345. K
317. Z_.a_r, Ho £Nv IsnA_., Y.: Effects of ethanol on active transport of cations. In Biochemical Factors on Alco-

hotism, ed. by R. P. Maicke[, pp. 25-37, Pergamon Press, Oxford and New York, 1966. _4_. K
318. K_BHE_¢, D. A., G_LnZaBLO_, P. ,.wn Do_z_JOZ, R.: Effect_ of antirheumatie drugs on human erythrocyte

membranes. PharmaCology 3: 353_366, 19;'0. 347. K
$1_ KOEHLER, G. J. _.W_ GOrrLL_B, S. F.: Effects of increased tensions of O,, N_, and He on the activity of a Na-K- z!

ME ATPas_ of rat int_tine. Aerasp. Med. 43: 269-_73, 1972. 348. K_
319. K_x, P.: Uptake and release of calcium in rabbit vagus nerve. Pfl_ger_ Arch. Gesamte Physiol. Menschen 349. K_

Tiere 326: 1-14, 1971. ._

$20. _ow, W., Bm_r, B. A.,Tz_m_v, M. E. _-_v l_sv, C.: Metabolic error of muscle metabolism after recovery 350. K_
from malignant hyperthermia. Lancet, 895-898, 1970. ]:

$21. K_s.-czn, S.: The potentiating effects of ethanol on responses of aortic steps to stimulant drugs. J. Pharm. 351. L_
pharmacol. 22: 877-879, 1970.

$22. W_x_x_csxv, L. S., WmOHT, R. L. A._'_ DAvmO._, A. J.: Effect of alcohols on the rate of autoxidation of ferro- 352. L_
eytoehrome c. Biochemistry 1O:458--462, 1971. !

$25. K_o, C. Y.: Tetradotozin, a_dt_xln and their _igntficance in the _tudy of excitation phenomena. Pharmaco[. 353. L._
Rev. 18: 997-1049, 1968. I

$24. K_mg, J. H., G_ssg_¢, A. J. _'¢v N._srvx, W. L." Mode of action of d/ethyl ether in blocking neuromuscular k_,4. L._
transmission. Anesthesiology 27: 42-63, 1966. 1

$25. KAms, J. H., O1ss_.w, A. J. _'_ NASTu_, W. L.: The effect of volatile anesthetic agents on neuromuscular trans- 355. I
mission. Anesthesiology 28: 128-134, 1967.

_26. KAW_S_r_A, S. _ND K_VRA, K.: New site of action of some narcotics, carbamate alcohol on the respiratory 35& ]
enzyme system. Jap. J. Physiol. 17: 262-279, 1967.

_26a. Km_vm, J. J. _ BU_XZR, J. P.: Alterations in muscle resting potentials and electrolytes during halothane and _,57. I
eyelopropane anesthesia. Anesthesiology 36: 128-131, 1972.

327. K_mc_nv, P. F., Hzna_o.-¢, H. I. _'_ MeG,-mE, It. J.: Extrapyramidal disorders after prolonged phenothiazine 358. I
therapy. Brit. J. Psyehiat. 113:509-513, 1971.

$27a. Kzv_s, R. D., 1Rrrc_z_, J. M. _ND 1RO_S, E.: The binding of tetrotoxin to nerve membranes. J. Physiol. 359. I
(london) 213: 235-254, 1971.

_27b. KX_L_0 E. K.: Drug action on the brain-stem reticular formation. Pharmacol. Rev. 14: 175-223, 1962. 360. I
$28. KxS_O_O, U. x_.-n AD_.¢_¢, J_., W. J.: Effect of detergent on electrical properties of squid axon membrane.

J. Gem Physiol. 47: 975-986, 1964. 561. l
$29. KrrLzs, M. E. _ L_v, P.: Surface and intertacial properties of some phenothiazine analogs. Pharm. Helv.

Acta 46: 483--496, 1971. 362.
330. Kl_rrsso_¢, IE.: Effects of ethanol on the membrane potential and membrane resistance of frog muscle fibres.

Acta Physiol. Scand. $2: 242-253, 1961.

831. _o_-, E. A._ KA_z, S.: The effect of ethanol on the membrane permeability to sodium and potassium ions 362.
and frog muscle fibres. Acta Pharmacol. Toxicol. 25: 54-64, 1967. _4.

132. Koz_._, R. L., LA._D*O, S. hi., CUBUXA, J. M. AND L_, D. S.: Solubility of nitrous oxide in biologic fluid _5.
and myoCardium. J. Appl. Physiol. 29: 593-597, 1970.

_2a. Konzl,, S. R.: Effect of dil_-_tin and meeantoin on the giant axon of the squid. Proc. Soc. Exp. Biol. Med. 76: _.
297-299,19,51.

_33. K_m_,, M. E., Kr.L_C_, A. K. A_ C_owzs, G. H. A.: The role of changes in extracolluiar and intracellular _67.
hydrogen ion concentration in the action of local anesthetic b_es. J. Pharmacol. Exp. Ther. 68: 339-350, 1940.



t i

M_E_IBRANE ACTIONS OF ANESTHETICS AND TRANQUILIZERS 645

i
][55: 689-691, i 334. K_.-rrz, JR., J. C., ESQUIBEL, A. £BUITT, Jz., E. B., LING, A. S. C. AND KURLAND, A. A.: Hexafluorodiethyl

ether(Indoklon)--aninhalantconvulsant.J.Amer. Mad. Ass.165:1555-1562,1958.

chymotryp- 1 335. KF__'TZ, JR., J. C., RUDO, F. G. AND LOECHER, C. K.: Anesthesia. LXXI. Pharmacologic and physicochemical
118,1967. _ comparison of fluorothyl and its isomer. Prec. Soc. Exp. Biol. Med. 124: 820-822, 1967.
Pharmacol. ! 336. KRUPKA, R. M.: Inhibition of sugar transport i_ erythrocytes by fluorodinitrobensene. Biochemistry 16: 1148-

in narcotics. _ 1153, 1971.

337.KRUPP, P.,BI._NC_I,C. P. ANn SUAREZ-KURTZ, (_.:On the localanestheticeffectof barbiturates.J. Pharm.Pharmacol.21: 763-768, 1969.

ureand con- _ 338. KWSA, K.: The action o1 pheno: on neuromuscular transmission in the red muscle of fish. Jap. J. Physiol. 19:

evemiblein- _ 762-774, 1969.
mide inbac- ! 339.KOCHLER, O., OORSKI, R. AND ELZE,P.:Zur Prokainwirkungam isoliertenSkeletmnskel.Acta Biol.bled.Ger.

"t 23: 271-283, 1969.
_n. Biophys. 340. KUPE_AN, A. S., ALTg_, B. T. A_v CH_ZAR. J. A.: Action of procaine on calcium ef_ux from frog nerve and

muscle. Nature (London) 217: 673-675, 1968-
: 75-76, 1970. 341. K_EBMAN, A. S., OKAMOTO, M., BEY_B, A. M. A.WBVOLPZBT, W. A.: Procaine action: Antagonism by adeno-

sine triphosphate and other nucleotides. Science 144: 1222-1223, 1964.
he influence 342. KUPZRMA_W,A. S., OKAMOTO,hi. AND OALLIN, E.: Nucleotide action on spontaneous electrical activity of calcium
bbit kidney, deficient nerve. J. Cell Physiol. 70: 257-264, 1967.

343.K_/TER, E.,HERS, A.,TESCHEMACHZR, H.J. AND HESS, 1%.:Structure-activitycorrelationsof morphine-like
pingtime in analgeticsbaaed on efl_eieneiesfollowingintravenousand intraventricularapplication.J. Med. Chem. 13:

801-805,1970.

ed. by J.L. 344. KVARSTEIW, B. AND STOR.%fORKEN, H.: Influence of acetylsalicylic acid, butazolid.ine, colchicine, hydroeortisone,
ehlorpromazine and imlpramine on the phagocytceis of polystyrene latex particles by human leucocytes.

of diphenyl- Biochem. Pharmacol. 20: 119-124, 1971.
345. KwAN, E. ANY TBZVOR, A.: The association of xenon with subceUuiar components of rat cerebral cortex. Mol.

tom on Aleo- Pharmacol. 5: 236-243, 1969.
346. KWANT, W. AND SEZ_AN, P.: The membrane concentration of a local anesthetic (chlorpromazine). Biochim.

Lerythrocyte Biophys. Acta 183: 530-643, 1969.

347. KwA_rr, W. O. AND SEEMAN, P.: The displacement of membrane calcium by a local anesthetic (chlorproma-
r of a Na-K- nine). Biochim. Biophys. Acta 193: 338-349, 1969.

348. KwA_r, W. O. xt_D SEE_AX, P.: The erythrocyte ghes% is a perfect cemometer. J. Gen. Physiol. 55: 208-219, 1970.

k Menschen 349.KW_'T, W. O. x.woSzE_ax._,P.:Chlorpromazineadsorptionto brainregions.Biochem. Pharmacol. 20:2089-
2091,1971.

tier recovery 3,50. KWANT. W. O. AND STEVENINCK, J. VAN: The influence of chlorpromazine on human erythrocytes. Biochem.
PharmacoL 17: 2215-2223, 1968.

s. J. Pharm. _1. L_S_ERO, L. H. z_n HEBLZY-W_rrz, J.: Optical rotatory dispersion of hemoglobin and polypeptides. Effect
of halothane. J. Biol. Chem. 246: 4886-4893, 1971.

_ion of ferrt_ 352. LANDMA_, K.: The effect of thioridazine and promazine in reducing the potassium loss from isolated perfuecd
rat hearts. Acts Pharmacol. Toxicol. 29: 49-59, 1971.

• PharmecoL _53. LANn_A_X, K. _rv 0Yz, I.: The action of thioridazine and promazine on biological membranes: relationship
between ATPase inhibition and membrane stabilization. Acta Pharmacol. Toxieol. 29: 1-8, 1971.

_uromuscular _54. L_NusL_T, A.: Membrane stabilization and cardiac effects of d,l-propranotol, d-propranolol and chlorpromazine.
Eur. J. Pharmacol. 1_: 6-14, 1970.

meular trans- _5,_. LA_RABZ_-, _. G. a_v BRO_K, D. W.: Metabolic requirements of sympathetic neurons. Cold Spring Harbor
SyruP). Quant. Biol. 17: 245-266, 1952.

e respiratory 3,56. LABaAnz_, M. G. AND HOLABA_r, D. A.: Depression of transmission through sympathetic ganglia during general
anesthesia. J. Pharmacol. Exp. Ther. 105: 400-408, 1952.

_hane and _7. LAn_AB_Z, M. G. Arid POST_R_AK, J. M.: Selective action of anesthetics on synapses and axons in mammalian
sympathetic ganglia. J. Neurephysiol. 15: 91-114, 1952.

_enothiasine 358. LAmaAB_, _. O., RA_OS, J. G. A_rv BOLaRXNG, E.: Effects of auesthetics on oxygen consumption and on synap-
tic transmission in sympathetic ganglia. J. Cell. Comp. Physiol. 40: 461_t93, 1952.

s.J.Physiol. 359.LAnszN, E. R., VAN D_n, 1%.A. A_ CHENOWZT_, M. B.: Mechanisms of narcosis.In Drugs Affectingthe

CentralNervous System, ed.by A. Burger,vol.2,pp. 1-24,MarcelDekker, Inc.,New York, 1968.

3,1962. 360.LAReON, JR.,C. P.,EGER, E. I.,If,AND SEVERINGHAUS, J.W.: The solubilityofhalothaneinbloodand tissue

a membrane, homogenate_.Anesthesiology23:349-355,1992.

361.LARSON, JR.,C. P., EOER, E. I.,II,Any SEVERINGHAUS° J.W.: Ostwald solubilitycoefficientsforanesthetic

?harm.Helv. gasesin variousfluidsand tissues.Anesthesiology2.3:68f_-689,1962.

362. LAWaENC_, J. H., LOOMIS, W. F., TOBIAS, C. A. AND TURPIN, F. H.: Preliminary observations on the narcotic
_uscle fibres, effect of xenon with a review of values for solubilities of gases in water and oils. J. Physiol. (London) 105: 197-

204, 1946.
_taesium ions _6_. L_KE, C. D.: Claude Bernard and anesthesia. Anesthesiology 35: 112-113, 1971.

364. LEO, A., HANSCH, C. AND ELKINS, D.: Partition coefficients and their uses. Chem. Ray. 71: 525-616, 1971.
biologic fluid 365. LEo, A. AND HANsel, C.: Linear free-energy relationships between partitioning solvent systems. J. OrE. Chem.

_6: 1539-1544, 1971.
3iol. Med. 7_: _. L_o, A., HANSOn, C. AND CHmRC_, C.: Comparison of parameters currently used in the study of structure-

activity relationships. J. Med. Chem. 12: 765-771, 1969.
intracellular 367. L_vEn, M. J., MmLzS, K. W., PATON, W. D. M. AND S_I_, E. B.: Pressure reversal of anaesthesia. Nature

34)-350, 1940. (London) 231: 368-371, 1971.



646 SEEMAN

368. LlsvY, J. V.: Myocardial and local anesthetic actions of beta-adrenergic receptor blocking drugs: relationship to 401
physicochcmical properties. Eur. J. Pharmacol. 2: 250-257, 1968.

$69. LEVY, J. V.: Surface tension effects of beta-adrenergic blocking drugs. J. Pharm. Pharmacol. 20: 813-815, 1968. 402. -_
$70. Lzwx.-¢, E.: Epileptogenic cortical loci induced with ouabain. Sodium potassium, water content, and sodium- 403.._

potaasinm-activated ATPasc activity. Exp. Neurol. 30: 172-177, 1971.
371. L_zwIs, D. A.: The actions of some non-steroidal drugs on l_osomes. J. Pharm. Pharmacol. 22: 909-912, 1970. 404. -_
372. LEwlS, D. A., S_o._s, A. M. A._D ANC'_LL,R. J.: The stabilization-lydia action of anti-inflammatory steroids 405. ?

on l:,_o8omes. J. Pharm. Pharmacol. 22: 902-908, 1970.
$73. LlSWIS, R. A. AND GYANG, F. N.: Inhibition of sickling by phenothiazines: Comparison of derivatives. Arch. 408. ?

Int. Pharmacedyn. Th6r. 153: 158-171, 1965.
374.LIANO, C. C. AND QUASTEL, J.H.: Effectsofdrugson the uptake ofaeetylcholineinratbraincortexslices.Bio- 407.-_

chem. Pharmacol.18:1187-1194,1969.

375. LIv._lz, A. A._ R._z, A.: Erythrocyte fragility and potassium effiux as affected by temperature and hemolyzing 408. '.
rate. Fed. Eur. Biol. Soc. Lett. 16: 99-101, 1971.

$76. Loroaz_¢, N.: Studies on Local Anestheties: Xylocaine, a New Synthetic Drug, Ivar HaeggstrTms Boktryckeri 409.
A. B., Stockholm, 1948.

$77. LoNoo, L. D., DgLrVORIA-PAPADOPOL'LOS,M., Powzn, G. G., HILL, E. P. A.wn FORSTER, R. E., II: Diffusion 410. :
equilibration of inert gases between maternal and fetal placental capillaries. Amer. J. Physiol. 219: 581-569,
1970. 411.

$78. LORENTI_DE NO, R.: On the effect of cocaine upon sodlum-deficlent frog nerve. J. Gen. Physiol. 35: 203-225, 412. :
1951-52. 413.

$79.I_r_o, Y., Os_wA, T. A_D YOXOTA, T.: Siteofactionofthiamylalsodium on the monoeynapticspinalre-

flexpathway incats.J.Neurophysiol.27:408-428,1964. 414.

380. LUDMER, R. I. AND SABELLL H. C.: Role of water in drug action on nerve. Recent Advan. Biol. Psychiat. 10:
42-51, 1968. 415.

380a. Lvnwz.wA, E. P.: Duration of local anesthesia. Annu. Rev. Pharmacol. 9: 503-520, 1969.
381. LUND, D. B., F_.'¢_CE_A, O. a.'cv PowmE, W. D.: Effect of gas hydrates and hydrate formers on invertase ac- 416.

tivity. Arch. Biochem. Biophys. 129: 181-188, 1969.

382.MAC_LEmT, H., ROTH, S.a._oS Z_AN, P.:The hydrophobicexpansionoferythrocytemembranes by the phenol 417.._l
anesthetics.Biochim.Biophys. Acts 255:178-189,1972.

_8_.MACHNE, X., STO_'ZY,S.D. AND NAD]SY_I.,J.M. D.: Interdependenceoftemperatureand calciumvariationon 418..M

the actionpotentialof neurons.Int.J.Neuropharmacol.6:405-415,1967.

$84.MAous, R. D., Ks_vs_, F. W. _ RIzvz_, B. E.:Dissociationofreserpine-induceddepressionofspontaneous 418a..'

motor activityand releaseofbrainserotonininrata.Biochem. Pharmacol.13:943-947,1964.
385. M_xE_, V. A_D VAP_ATALO, H.: Electron microscopic studies of the effects of chlorpromazine on the adrenal 419. M

medulla. Ann. Med. Exp. Biol. Fenn. 49: 54-58, 1971.

_86. MARz_, A. E. A_ Kosz, K. A.: The solubility of carbon dioxide and nitrous oxide in aqueous salt solutions. 420.._l
J. Amer. Chem. Soc. 63: 449-454, 1941.

$87._t_ARKWARDT,F.,BAR_H_, W. A_','DGLUSA, E.: Die VerRnderungen des serotonln-und histamingehaltesder 421.M

blutpIRttchenunter dem einfluasyon Lokalanaesthetica.Naunyn-Sehmiedebergs Arch. Pharmakol. Exp.

Pathol. 253: 338-544, 1966. 422. 31

_88. MATHZ_, L. E., Lo.'¢o, G. J. A.'¢_ T_OM_S, J.: The binding of bupivacaine to maternal and foetal plasma pro-
tein_. J. Pharm. Pharmacol. 23: 359-365, 1971. 423.

$89. MA_*r_ws, P. B. C. AlCVR_rS]ZWORTH,G.: The relative sensitivity of muscle nerve fibr_ to procaine. J. Physiol. 42t.
135: 263-289, 1957. 425.

$90a. McA___n_z. C.: Solubility in water of C1-C9 hydrocarbons. Nature (London) 200: 1092-1093, 1963.

$90b. MCAULIFFE, C.: Solubility in water of paraffin, cyclopS, olefin, acetylene, cycloolefin and aromatic by- 426
drocarbons.J.Phys. Chem. _O:1267-1275,1986. 427.

_90_.MCAUL_'TZ, C.: Solubilityin waterof normal C9 and C10 alkane hydrocarbons.Science158:478--479,1969.

$91.MCFADZEAN, J.A.,PUoH, I.M. A.wvSQUZEZS, S.L.:The effectsofphenothiazinason tho sicklingphenomenon 428

in vitro.Brit.J.Hacmatol. 16:173-180,1969.

392. McGow_d_, J. C.: Partition coefficients and biological activities. Nature (London) 200: p. 1317, 1963. 425a
$93. Mm_rARDX, H.: Action of Hydroxydione on Peripheral Nerve, Ph.D. Thesis, University of Leiden, Drukkeri]

Pa_mans, 'e-Gravenhage, 1960. 4_

394.Mm_A, L.:Interactionsof La_+and localanestheticdrugswith mltochondrialCa++ and Mn ++ uptake. Arch.
Biochem. Biophys. 123: 286-293, 1968. 430

395. Mr_LA, L.: Inhibition and activation of calcium transport in mitochondrla. Effect of lanthanides and local anes-
thetic drugs. Biochemistry 8: 2481-2486, 1969. 431.

396. MZTCA_L_Z J. C.: Intereetion of local anesthetics and calcium with erythrocyte membranes. In A Symposium
on Calcium and CellularFunction,ed.by A. W. Cuthbert,pp. 219--240,Macmillan Co.,London, 1971. 432

397. M_LF]_, J. C. Ah'?DBURGEN, A. S. V..* Relaxation of anaesthetics in the presence of cyto-membranes. Nature
(London) 220: 587-588, 1968.

395. MEZCA_r_-, J. C., Szz_A_, P. A._n B_Raz_¢, A. S. V.: The proton relaxation of benzyl alcohol in erythrocyte
membranes. Mol. Pharmacol. 4: 87-95, 1968. 43t

$99. M_YZR, H .: Wclche Eigenschaft der An_sthetice bedingt ihre narkitisohe Wirkung? Arch. Exp. Pathol. Pharma-
kol.(Naunyn-Schmiedebergs)42: 109-118,1899. 435

400.ME_ZR, H.: Zur TheorlederAlkolnarkose.Der EinflusswechselnderTemperatur auf Wirkungsst_rkeuud Thei-

lungscoefl_cicntder Nareotica.Arch. Exp. Pathol.Pharmakol. (Naunyn-Schmiedebergs) 4b: 338-346,1901. 13_



i MEMBRANE ACTIONS OF ANESTHETICS AND TRANQUILIZERS 647
tship to

401• MEYER, H. H. A._D GOVrLXEB, R.: Experimental Pharmacology as a Basis for Therapeutics, 2nd ed., transl, by
V. E. Itendereon, p. 121, J. B. Lippincott Co., Philadelphia, 1926.

1968. ' 402. Mz_-zR, K. It.: Contributions to the th_ory of narcosis. Trans. Faraday Soc. 33: 1062-1068, 1937.

_lium- [ 403. MEyEn, K. H. _.._n GOZ'rLIzB-BILLI_J_, H.: Theorie der Narkose durch Inhalations-anasthetika. Hoppe-

r
Seyler's Z. Physiol. Chem. 112: 55-79, 1921. .

2, 1970. 404. _fl_YgR, K. H. AND HEMMI, H.: Beitr_ge zur Theorie der Narkose. lII. Biochem. Z. 277: 39-71, 1935.
steroids 405. MXKL_ITS, W., MORTXRt,, A. A._D SPzCron, R. G.: F_'ect of drugs on red cell fragility. Nature (London) 225:

i 1150-1151, 1970. :_• Arch. 406. Mx_nv, S. A.: Effect of phenothiazines and their sulfexides on lipoamide dehydrogenase. Bioehim. Biophys. A
t Aeta 216: 439-440, 1970. I

as. Bin- 407. bfrt_gn, K. W., PATOX, W. D. M. X.WD_M1_d, E. B.: Site of action of general anaesthetics. Nature (London) 206:

57d-577, 1965. - 1
_olyzing 408..MII_t,zn, K. W., PATO,_', W. D. M. ASP S_I_, E. B.: The anaesthetic pressures of certain fluorine-containing

gases. Brit. J. Anaesth. 39: 910-918, 1967.
_ryckeri 409. MILLER, K. W., PATON, W. D. M., STazz_'r, W. B. A,_D S_XTH, E. B.: Animals at very high pressures of helium

and neon. Science 157: 97-98, 1967.
,iff_on _ 410. MILLzn, R. D., Wxnaz,_naocx, E. A., ScnaozvEn, C. F., KNIPSTE1N, T. W., Eoza, E. I., II, A,_O BUECHEL
561--569, D.R. : Ethylene-halothane anosthesia: addition or synergism ? Anesthesiology 31: 301-304, 1969.

411. MILLEa, S. L.: A theory of gaseous anesthetics. Proc. Nat. Acsd. Sci. U.S.A. 47: 1515-1524, 1961.
203-225, 412. MXLLZn, S. L.: Effects of anesthetics on water structure. Fed. Proc. 27: 879-883, 1968.

413. MXLL_B, 8. L., EGEa, E. I., 1I, A.'eDLv_Zn_RES, C.: Anaesthetic potency of CF_ and SF_ in dogs. Nature (London)
inal re- 221: 468-469, 1969.

414. MIzt'sH_A, Y. A._o SA_AL S.: Stabilization of erythrocyte membrane by non-steroid anti-inflammatory drugs.
_i_t. 10: J. Pharm. PharmacoL 21: 327--328, 1969.

415. M_zvs_A, Y., S.*KA_,S. A._v YAM_'nA, M.: Mode of stabilizing action of non-steroid anti-inflammatory drugs
on erythrocyte membrane. Biochem. Pharmacol. 19: 227-234, 1970.

416. Mo_'f, G. A. A,WDYot'._6, P. A. :The antagonism of curarizing activity by phenolic substances. Brit. J. Pharma-
col. 4: 359-365, 1949.

phenol 417. MOOnlg, J. W., NARAItAeHI, T. ANn SHAW, T. I.: An upper limit to the number of sodium channels in nerve
membrane? J. Physiol. (London) 188: 99-105, 1967. ]

finn on 418. Moonz,J. W., ULBRICHT, W. AND TAKATA, M.: Effect of ethanol on the sodium and potassium conductances of
the squid axon membrane. J. Gem Physiol. 48: 279-295, 19£4.

taneons 418a. ]_IORRELL,F., BRADLEY, W. AND PTASHNZ, _1.:Effectofdiphenylhydantoinon peripheralnerve.Neurology

8: 140-144, 1958.
adrenal 419. MORRISON, T. J. AND BILLErr, F.: The _alting-out of non-electrolytes. Part II. The effect of variation in non-

electrolyte. J. Chem. Soe. ('London) 3819-3822, 1952.
lution$. 420.,_IoRRISON,T. J.ANn JOHNSTONZ, N. B.:Solubilitiesofinertgasesinwater.J.Chem. Soc.(London) 3441-3446,

1954.
tea der 421. MU_LLZn, P. _.wn Rvv_.w, D. O.: Action potential phenomena in experimental blmolecular lipid membranes.
_1.Exp. Nature (London) 213: 603-604, 1967.

422. M_, S. J.: Inhibition of phospholipid-facilitated calcium transport by central nervous system-acting drugs.
n_ pro- Biochem. Pharmaeol. 18: 339-346, 1969.

423. Mtr_l.Lwa. L.J.: Some physical mechanisms in narcosis. Chem. Bey. 54: 289-323, 1954.
?hy_iol. 424. I_It'LL_.We,L. J.: From molecules to membranes. Fed. Proc. 27: 898-901, 1968.

_2_. _[ULLLWS,L. J.: Anesthetics. In Handbook of Neurochemistry, ed. by A. Lajtha, vol. 6, 395-421, Plenum Press,
New York, 1971.

.tic hy- 426. bll#nLArcn, J..: Chlorpromazine inhibition of tryptophan oxygenase. Biochem. Pharmacol. 20: 547-552, 1971.
427. MVLLLWS,L. J. X._D GA_Z_V, C. T.: The depolarization of nerve by organic Compounds. Proc. Soc. Exp. Biol.

1969. Mad. 85: 14!--149, 1954.
428. MtrSTAnD. J. F. ANn PACKHAI_, M. A.: Factors influencing platelet aggregation: adhesion, release and aggre-

gation. Pharmacol. Roy. 22: 97-187, 1970.
428a. M_.we_, A.: The interracial activity of steroid hormones and synthetic estrogens. Biochim. Biophye. Acts 24:

'ukkerij 507-514,1957.
429. ]tf tr_ta-a_r. K. 8. Arid ZonaxrL G.: Oil-water partitioning of chlorpromazine and other phenothiazine derivatives

• Arch. using dodecane and n-octanol. J. Pharm. Sei. 59: 1281-1285, 1970.

_30• NARAHASHI, T., Ah'DEI_._ON,N. C. AND MOORE, J. W.: Tetrodotoxin does not block excitation from inside the
danes- nerve membrane. Science 1.53: 765--767, 1966.

431. NARAIIASHI, T.: Dependence of excitability of cockroach giant axons on external divalent cations. Comp. Bio-
posium chem. Physiol. 19: 759-774, 1966.

_" 432. NARxnAsm, T., F_AzxzR, D. T., DznvcaI. T., CLZAVZS, C. A. x_n ER.WAtr, M. C.: The active form of pento-
Nature barbital in _quid giant axons. J. Pharmaeol. Exp. Ther. 177: 25-33, 1971.

433. NARAHASHI, T., FnAzisl_, D. T• AND YAMADA, M.: The site of action and active form of local anesthetics. I.

hrocyte Theory and pH experiments with tertiary compounds. J. PharmaCol. Exp. Ther. 171: 32-44, 1970.
434. NAI_AHASHI, T., _,fOORE, J. W. AND POSrO._, R. N.: Tetrodotoxin derivatives: chemical structure and blockage

'harms- of nerve membrane conductance. Science 156: 976-979, 1967.
435. NARAHAem, T., Yx_ox, M. ANY FRAZ_Z_, D. T.: Cationic forms of local anesthetics block action potentials

d Thai- from inside the nerve membrane. Nature (London) 223: 748-749, 1969.
S, 1901. 436. NA_'HA_, P. W. AND SlgXlg8, T• A.: F__fects of phenol on nervous conduction. J. Physiol. (London) 150: 565-580,

1960.



437.NASA-W, P. W. A-wnSZARS, T. A.: Some factorsconcernedindifferentialnerveblock by localanesthetics.J. 467.P.
Physiol.(London) 157:555-580,196l.

438.NA_IA-W, P. W. AND SZARS, T. A.: Differentialnerveblockby sodium-freeand sodiuM-deficientsolutions.J. 465.P.
Physiol.(London) 164:375-394,1962.

439.NAVON, S.ANn LAJTHA,A.: Uptake ofmorphine inparticulatefractionsfrom ratbrain.Bra!n Res.24:_4-636, 4f;9.P.
1970.

440.NAYLER, W. G.: The effectofpronethaloland propranololon lipid-facilitatedtransportofcalciumions.J.Phar- 470.P.
macol.Exp. Ther.153:479-484,1966.

441.NELEMANS, F. A.: The influenceofvarioussubstanceson the acetylcholinecontracturoof_he frog'sisolated 471.P.

abdominal muscle.Acta Physiol.Pharmacol.N&r. II:76-82,1962. 472.I':
441a.NZLSON, H. D. A-WDDZ Lm._r, C. L.:The determinationofthesolubilitiesofsome n-alkanesinwateratdif-

ferenttemperatures,by means of gas chromatography. Rec.Trsv. Chim. Pays-Ban 87: 528-544,19G8. 473.P
441b.NELSO-W,H. D. A.wnDz Lm._r, C. L.:Interpretationofsolubilitydataon the n-alksnesand some othersub-

stances in the solvent water. Rec. Tray. Chim. Pays-Ban 87: 623-640, 1088. 474. 1'
441c. NoAI, S. H., DIAZ, P. M. A_D OZZn, S.: The uptake and release of norepinephrine. Anesthesiology $1: 45-52,

1969. 475.P
442.NIcLoux, M. A-WDSCOTVZ-FOGLIE-WLL.:M_thode g_n_ra|od'_tudede Issolubilit(_des gas etdes vapeursdana

l'eauleserum etlasang total.Ann. Physiol.5:431-482,1929. 476.P
443.NxzLSO._,T. ANn Co_A.W, C.: The bindingofdiphenylhydantointobrainand subcellularfractions.Eur. J.

Pharmacol.14:344-350,1971. 477.P
444.Non.w,S.x_n SHORn, P.A.:Furtherstudieson thenatureofpersistentreserpinebinding=evidenceforreversible

and irreversible binding. Bioehem. Pharmacol. 20: 1291-1295, 1971. 478. P
44,5. Nv_-w, J. F., Lows, J. D. A._n KmnALL, K. L.: Arrest of mitosis by halothane. Brit. J. Anaesth. 43: b24-530,

1971. 4_9. l'
448.O'BnI_N,J.R.: Effectofanti-inflammatorydrugson platelctmembrane injury.In VascularFactorsand Throm-

bosis,ed.by K. M. Brinkhaus,N. F. Radman and S.Hinnan, pp. 247-252,F. K. ScbattsuerVerlag,Stutt- 480.l'
gart,1970. 48Oa.l

447. OGAWAj Y._Some propertiesoffragmentedfrogsarcoplasmieretioulumwith particularreferenceto itsresponse

to caffeine. J. Biochem. 67: 6{17--683,1970. 481. P
448. OHzx, S.: Effect of local anestheti_ on phospliolipid bilayers. Bioehlm. Biophys. Acts 219: 18-27, 1970.

449. OHTSUXA, E. ANn KOlDE, S. S.: Incorporation of steroids into human, dog and duck erythrocytes. Gen. Comp. 482. Po
Endocrinol. 12: 598-603, 1969. j.

450. OEADA, I_:.: Effects of calcium and magnesium ions on the frequency of miniature endplate potential dischalges 483. Po_
in amphibian muscle in the presence of ethyl alcohol. Experientia (Basel) 23: 363-354, 1967. 14

451.OZ.ADA,K.: Effectsofalcoholsand acetoneon the neuromuscularjunctionoffrog.Jap.J. Physiol.17:245-251, 484.PR.0

1967. p_
452. Or,ADA, K.: Effects of divalent cations on the spontaneous transmitter release at the amphibian neuromuscular 485. PR._

junction in the presence of ethanol. Jap. J. Physiol. 20." 97-111, 1970.

453. OKAMOTO, M., ASKARZ, A. AND KUPERMAN', A. S.: The stabilizing actions of adenosine triphosphate and re- 486. Pm_
fatednucleotideson calcium-deficientnerve.J. Pharmacol.Exp. Ther.144:229-235,1964. tr

464. OxuMvnA. F., Ken, J. A.wV UEDA, I.: Suppression of hypotonic hemolysis of washed human erythrocytce by 48_. Pc;
general anesthetics. Jap. J. Ane_th. 17: 185-187, 1968. g_

_. OKUMURA, F., YOSHIKAWA, K., UEDA, I.AND Km_,J.: Effectsofdiethylether,halothaneand methoxyflurane 487,P-"

on hypotonie hemolysisofhuman erythrocytes.Jap.J.Anesth.19:848-853,1970.
4_6.Onc_rr, F.S.A_D Szzv_s, M. H.: Method fordeterminingsolubilityofgasesinpureliquidsorsolutionsby Van 487a.:

Slyke-Nelllmanometric apparatus.J.Biol.Chem. 117:501-,507,1937.

4_7.ency,, F. S. A_n Szzvzas, M. H.: SolubilityCoefficientsofcyelopropaneforwater,oilsand human blood. 488.Q

J,Pharmscol.Exp. Ther.59:206-210,1937.

4_8. Osxr, F., CArt, F. L., II, _n Lzssz.-:, L.: Failure of promazine HCI to prevent the painful episodes in sickle 488a. ,
cell anemia. J. Pediat. 73: 265-268, 1968.

4_9.O'rsvr_A,M. A_D No-wo_vnA, Y.:The actionofphenolicsubstanceson motor nerveendings.J.Pharmacol.Exp. 459.Q_
Ther.140:41--45,1963.

460.OV_BEEK, G. A. ANn BONTA, I.L.= Steroidsthatacton the nervous system.In Proceedingsofthe FirstIn- 490.II
ternationalCongressHormonal Steroids,vol.I,493-600,Academic Press,New York, 1964.

461. On,riTe-w, E.: Ueber die osmotischen Eigenschaften der Zelle in ihrer Bedeutung fur die Toxikologie und Phar- 491. B

makologie. Z. Phys. Chem. 22: 189-209, 1896. 492. f_
461a. OVS_TO_, E.: Studien fiber die Narkoee zugleich ein Beitrag zur allgemeinen Pharmakologie, Jena, Verlag yon

Gustsv Fischer, 1901. 493. It
462. PACZ.HA_, M. A. A_D Mue_Ann, J. F.." Platelet reactions. Seminars Hematol. 8: 30-64, 1971.
463. P'_-w, S. Y. a_D LAUBACH, G. D.: Steroid central depressants. In Methods in Hormone Research, vol. III, 494. li

ed. by R, I. Doffman, pp. 415-475, Academic Press, New York and London, 1964.
464. PAI.WTAZ,,A. S.: Effects of drugs on vertebrate mechanoreceptors. Pharmacol. Rev. 1_: 341-380, 1964. 495. I_
46_. p4Lzr, J., CurtsY, W. A. AND Lm-wzrrI, F. J.: Relation of Ca*+-aetivated ATPase to Ca_-linked shrinkage of

human reelcallghosts.Amer. J.Physiol.220:1028-1032,1971. 4_. Id

46§.PAPAHADJOPOULOS, D.: Phospholipidmodel membranes. III.AntagonisticeffectsofCa _÷and localanesthetics

on the permeabilityof phosphatidylserinevesicles.Biochim. Biophys.Acts 211:467-477,1970. 497.I_

4_t. PAPAH&DJOPOULOe, D.= Studies on the mechanism of action of local anesthetic_ with phospholipid model mere- 498. l:
branes. Biochim. Binphys. Acts Rev. 265: 169-186, 1972.



MEMBRANE ACTIONS OF ANESTHETICS AND TRANQUILIZERS 649

theties. J. 467. PA_ART, A. K. AND GREEN, J. W.: Potassium and sodium exchanges in rabbit red cells treated with N-butyl -t

alcohol. J. Cell. Comp. Physiol. 38: 347-360, 1951.[utions. J. 468. PATEL, R. _[. AND ZOGRA.FI, G. : Factors influencing the surface activity of chlorpromazlne at tile air-solution 4interface. J. Pharma. Sci. 55: 1345-1349, 1986.

i: 534-536, 489. PATERSON, S. J., BUTLER, K. W., HUANG, P., LABELLE, J., SMITII, I. C. P. AND SCHNEIDER, If.: The effects of 'i
alcohols on lipid bilayers: a spin label study. Biochim. Biophys. Acts 266: 597-602, 1972. i

s.J. Phar- 470. PATEN, W. D. M. ANn SPEDEN, 1_oNo: Uptake of anaesthetics and their action on the central nervous system. _..

Brit.._,Ied. Bull. 21: 44-48, 1985. :_
'e isolated 471. PAULINe, L.: A molecular theory of general anesthesia. Science 134: 15-21, 1961.

472. PENNISTON. J. T.: High hydrostatic pr_sure and enzymic activity: inhibition of multimcric enzymes by dis-
ter at did soclation. Arch. Biochem. Biophys. 142: 322-332, 1971.
968. 473.PZNNISTON, J.T. ANn GREEN, D.E.: The eonformationalbasisofenergytransformationsin membrane systems, i

)ther sub- Arch. Biochem. Biophys. 128: 339-350, 1968.
474.PERKINS, J.P. A.-_nMoon_, M. M.: Adenyl cyclaseofrat cerebralcortex.Activationby sodium fluorideand

31: 45_2, detergents. J. Biol. Chem. 246: 62-65, 1971.

475. P_RMa_, E. S.: The effect of ethyl alcvho[ on the secretion from the adrenal medulla in man. Acta Physiol. Scand.
_rs dans 44: 241-247, 1958.

476. PEn._AN, E. S.: The effect of ethyl a_ ,_,d on the secretion from the adrenal medulla of the cat. Acta Physiol. |

,s. Eur. J. Scand. 48: 323-328, 1960. :_*
477.PERRY0 R. S.AND FRANZ, D. N.: r)i_crentialblockofsingleA & C fibersby procaine.Pharmacologist12:236,

reversible 1970. 1478. PODLESEL T. R. x._n BARTELS, E.: Difference betwson tetracaine and d-ttlbocurarine in the competition with
$: $24-,530, carbamylcholine. Biochim. Biophys. Acts 75: 387-396, 1963.

479. PONDER, E.: Prolytic ion exchanges produced in human red cells by methanol, ethanol, guaiacol and resocrinol.
LdThrom-

J. Gen. Physiol. 30: 479-491, 1947.
sg, Stutt- 480. PONDER, E.: Hemolysis and Related Phenomena, Grune and Stratton, New York, 1948. .!

_0_. POSTERNAK, J. AND *_[ANOOLD, R.: Actionde narcotiquessur Isconductionpar leafibresnerveusesetsur leur

response potential de membrane. HelD. Phys. Acts 7: C55-C56, 1949.
481.POS_ERNAK, J. AND ZAHND, G.: Actionde narcotiquessur laconductionpar leafibresnerveusesetsurleurpo- "_

'0. tentielde membrane. HelD.Phys. Acts II:C73-C74, 1953.

."n.Comp. 482.POWELL, J.F.: Solubilityordistributioncoefficientoftricldorethyleneinwater,wholebloodand plasma.Brit.

J.Ind.Med. 4:233-230,1947.

Jis_arges 483.POWER, G. G. ANn STEOALL, H.: Solubilityofgasesinhuman red bloodcellghosts.J.Appl. Physiol.29:145-

149,1970.

?:245-281, 484.paxvA, M. vA aND PLE'rscHER,A.: Accelerationof the cerebraldopamlne turnover by chlorpromazine.Ex-

perientia(Basel)22:465-469,1966.

)muscular 48,5.PRADA, M. VA, PLEVSCHER,A.,TRANZER, J.P. AND KNUCHEL, H. :Actionofreserpineon subcellular5-hydroxy-

tryptamineorganellesofbloodplatelets.LifeSci.7:477--480,1968.

Leand re- 486.PRA DA,-_.DA,TRANZER, J.P.AND PLETSCHER, A.:Effectofdrugsand cationson ultrastructureand 5_hydroxy-

tryptaminecontentof bloodplatelets.J.Pharmaeol.Exp. Ther.158:394-398,1967.

'ocytesby 486a.PRICE, H. L.,LINDZ, If.W., JONES, R. E.,BLACK, G. _V.AND PRICE,_[.L.:Sympatho-adrenal responsesto

generalanesthesiainman and theirrelationto hemodynamies. Anesthesiology20:563-575,1959.
_xyflurane 487.ProsE, M. L. AND PmCE, H. L.:Effectsofgeneralanestheticson contractileresponsesofrabbitaorticstrips.

Anesthesiology23:16-20,1962.

nsbyVan 487a.PRoA_xs, A. G., _IENNEAR, J. R., ._IYA,T. S. AND BOROWITZ, J.L.: Phenothiazine-inducedhyperglycemia:

relation to CNS and adrenal effects. Prec. Soc. Exp. Biol. Med. 137: 1385-1388, 1971.

Lanblood. 488.QUASTEL, D. M. J.,HACKEVr, J.T. AND COOKE, J.D. :Calcium: Itisrequiredfortransmittersecretion?Scien0e
172:1034-1036,1971.

s in sickle 488a. QV._STZL, D. M.J., HACKE_r, J. T. AND OXA_OTO, K. : Presynaptic action of central depressant drugs: Inhibition
of depolarization-secretion coupling. Can. J. Physiol. Pharmacol. 50: 279-284, 1972.

acol.Exp. 489.QUASTEL, J. H.: Actionofdrugson enzyme systems.In Enzymes: UnitsofBiologicalStructureand Function,

ed. by O. H. Gaebler,pp. 523-535,Academic Press,New York, 1956.

I First In- 490. R_kINES. A., SOHN0 Y. J. A._v LEvITr, B.: Spinal excitatory and depressant effects of sodium diphenylthiohy- i
dantoinate. J. Pharmacol. Exp. Ther. 177: 350-359, 1971.

md Phar- 491. RANO, It. P.: Stimulant actions of volatile anesthetics on smooth muscle. Brit. J. Pharmacol. 22: 356-365, 1964.
492. R.t_ER, A. B.: A commentary on the anti-sickling effect of the pheoothiazine drugs. Trans. Roy. Soc. Trop. Mad.

_erlag yon Hyg. 62: 84-91, 1968.
493. REDrERN, P. aND THES_ErF, S.: Action potential generation in denervated rat skeletal muscle. II. The action of

tetrodotoxin. Acts Physiol. Szand. 82: 70-78, 1971.

col. III, 494. REIMOLD, E. W. ANn HEINnmRS, M.: Die Beziehungen yon Kalium und Hlimoglobin im Verlauf der osmotischen
H_tmolyse. Z. Kinderheilk 109: 176-186, 1971.

495. RITX_N, A., QurrmN, F., CXRmLLO, C. XND KLEX.W,D. F.: Very high dosage fluphenazlne for noncbronle treat-
_inkage of ineRt-refractory patients. Arch. Gen. Psychiat. 25: 398-403, 1971.

_. RrrCHIE, J. M., RI'rCHIE, B. AND GREENGARD, P.: The active structure of local anesthetics. J. Pharmacol. Exp.

nesthetics Ther. 150: 152-159, 1965.
497. ]RITCHZZ,J. M., R]TCHIE, B.._ND Gn_ENUARD, P.: The effect of the nerve sheath on the action of local anes-

*del mem- theties. J. Pharmacol. Exp. Ther. 150: 160-164, 1965.
498. R_cmz, J. M, ann G_ENOARn, P.: On the mode of action of local anesthetics. Annu. ReD. Pharmacol. 6: 405- i

4_. 10_.



650 SEE_IAN

498a. Rrr_iE, J. _[. A_,_nGI_EE._;(_ARD,P.: On the active structure of local anesthetics. J. Pharmacol. Exp. Ther. 133: 5_
241-245, 1961.

498t). ROBIn, I. D.: Determination of the aqueous solubility of fatty acids and alcohols. Aust. J. Chem. 19: 2251-2284, 5_
1966.

499. 1ROBBZNS,B. II.: Quantitative determination of eyclopropane in air, water and blood by means of iodine pent- 5:
oxide. J. Pharmaeol. Exp. Ther. 58: 243-250, 1935.

_00. ROBY_SON °, A. B., _L_NLY, K. F., A_'THO._V, M. P., C_.TCHPOOL,J. F. Axn PAVHN'O, L.: Anesthesia of Artemis 5,
larvae: Method for quantitative study. Science 149: 1255-1258, 1965.

S01. ROBL_SOh', J. D., LOW_._'G_R,J. A-_-nBE_rI_OER, B.: Chlorpromazine: Differential effects on membrane-bound 5t
enzymes from rat brain. Biochem. Pharmacol. 17: 1113-1116, 1968.

502. RbH_C_, P., A._'vE_so._', P. AxD Uv._'Xs, B.: Electron microscope observations on compound 48/80-induced 5_
degranulation in rat mast ceils. J. Cell. Biol. 51: 465-453, 1971. 5:

$03. 1ROJAS,E. A._n C_t._'ESSA-FISC_ER, M.: Sodium movements in perfused squid giant axons. J. Gen. Physiol. 52: 5_
240-257, 1968.

f_4. _O_ERO, P. J. AND Wml_r._, R.: The control by internal calcium of membrane permeability to sodium and 5:
potassium. J. Physiol. (London) 214: 481-507, 1971.

$05. ROSEN, G. M., EHRE.WPREI9, S. AND _fITTAO, T. W.: Physical and Pharmacological properties of an irreversible 5:_
local anesthetic. J. Med. Chem. 14: 514-519, 1971.

506. RosE._', O. M., ERLWHMX_, J. A._D ROSE._, S. M.: The structure-activity relationships of adrenergic compounds
that act on the adenyl cyclase of the frog erythrocyte. Mol. Pharmacol. 6: 524-531, 1970. 57

507. Ros_._-sEnn, P. A.WDBARRELS, E.: Drug effects on the spontaneous electrical activity of the squid giant axon. J. 5(-
Pharmacol. Exp. Ther. 155: 532-544, 1967.

507a. 1ROSENBZ_O, P. ANn F-HREN'PREIa,S.." Reversible block of axonaf conduction by curare after treatment with 52
cobra venom. Biochem. Pharmacol. 8: 192-206, 1961.

508. Rosa, S. B. A_°n /_A_ °, S. B. A.: Formation of a piperidinium derivative from N- (5'-chloropentyl)-N-methyl- 5:!
aminoaceto-2,6-xylidide in relation to the sustained locM anesthetic action on the sciatic nerve of the guinea-
pig in rive. Nature New Biol. 230: 274-275, 1971. 5_

$09. ROTH, S.._ND SEm_.t._', P.: All lipid-soluble anesthetics protect red cells. Nature (London) 231: 284-285, 1971.
509a. Ro'r_, S. A._n SP_EO, L. Interaction of red cell ghost membrane and local anesthetics in the presence of 1.ani- $3_;_,

Hno-S-naphthalene sulphonic (ANS). Prec. Can. Fed. Biol. Soc. 13: 511, 1970. 539.
_10. Rove, S. AN-n Szz_A._, P.: Anesthetics expand erythrocyte membranes without causing loss of K% Biocbim.

Bioph)_. Acts 255: 190-198, 1972. $40.
$11. ROTH, S. Axn SEr_A._, P.: The membrane concentrations of neutral and positive anesthetics (alcohols, chlor-

promazlne, morphine) fit the Meyer-Overton rule of anesthesia; negative narcotics do not. Biochim. Biophys. $41.
Acts 255: 207-219_ 1972.

$12. 1R(yl_, S., SEE_._*, P., _ZR_L_, S. B. A. A_v CHAv-WoNo, M.: The action and adsorption of local anesthetic 542.
enantiomers on erythrocyte and synaptosome membranes. Biochim. Biophys. Acts 255: 199-206, 1972.

$13. RVBI_'0 R. P., FE_._STEI_r, _I. B., JAANUS, S. D. A._n PAI_a_, M.: Inhibition of cateoholamine secretion and 1f43.
calcium exchange in perfnsed cat adrenal glands by tetracaine and magnesium. J. Pharmacol. Exp. Ther. 155:

463-471, 1967. M4.
$14. Rvvl._, R. P. _'n MX_L_, E.: The relation between the chemical structure of local anesthetics and inhibition of

eafcium-evoked secretion from the adrenal medulla. Naunyn-Schmiedebergs Arch. Pharmakol. Exp. Pathol.
260: 298-308, 1968. $_

$15. RUDOLPH, G., CIR._.BEUF, E. AND THIEULIN, R.: Contribution a l'_tude de Faction de l'urethane aur lea fibres
A des nerfs de Batraciens. C. R. S(-_aneesSoc. Biol. 145: 1676-1579, 1951. 5_

516. Rupert, W. L.: Rate of elimination of divinyl ether. Prec. Soc. Exp. Biol. Med. 40: 608-610, 1939. 54
517. 1Ru_o_z, W. L. A.wn Earcxso_ °, A. E.: Variation of the oil-water distribution ratio of divinyl ether with concen-

tration. Anesthesiology 2: 546-551, 1941.
$18. Sa_AwA_A, P. B. Area DILLON, J. B.: The positive inotropic action of cyclopropane on human intercostal muscle 54

in vitro, and its modification by d-tubocurarine. Anesthesiology 19: 473-477, 1958.
$19. SA_AWALA, P. B. As_ DILLON, J. B.: Action of volatile anesthetics on human muscle preparations. Anesthesi- 54

elegy 19: 537-594, 1958.

$19a. SABELLI, _-I. C., _[ARKS, R. ANDTOMAN, J. E. P.: Drug studies on earthworm isolated ventral cord (Abstract). 54
Fed. Prec. _: 1374, 1963.

$20. SA_HDgV, K. S., PANJWANI, 3I. H. A_,'VJOSEPH, A. D.: Potentiation of the response to acetylcholine on the frog's 55
rectus abdomlnls by ethyl alcohol. Arch. Int. Pharmacodyn. ThAr. 145: 36-43, 1963.

521. S.*c_n_v, K. S., RaN-A, P. K., DAVE, K. C. AND JOSEPH, A. D.: A study of the mechanism of action of the po- M.
tentiation by allphatie alcohols of the acetylehollne response on the frog's rectus abdominis. Arch. Int. Phar-
macodyn. ThOr. 152: 408-415, 1964. 55

$22. SA_)_A.X, L. J., E_Ea, E. I., II, Mv._so.'% E. S., B._.BAD, A. A. ANn ]_Iu.'.LLEM, .-_.: Minimum alveolar concen-
tratlons of methoxyflurane, halothane, ether, and cyclopropane in man: correlation with theories of anes- 55
thsala. Anesthesiology 28: 994-1002, 1967.

$23. SAXD_', L. J., EOER, E. I., II, Mu._'so._', E. S. Axn S_VEm.XO_AVS, J. W.: A method for determining solubility 55
of anesthetics utilizing the Seholander apparatus. Anesthesiology 27: 180-184, 1966.

$24. SA_so_0 JR., F. E., D._, N. _wn DAHL, D. R.: A study on the narcotic action of the short chain fatty acids.
J. Clln. Invest. _5: 1291-1298, 1956.

$25. SANDERSON',F. '_., LAPPI.N',W. R. J., ISAAC, M. A_'O DVNDEE, J. W.: In vitro erythrocyte stabilization by ethanol. 55
Brit. J. Anaesth. 42: 606-608, 1970.

$2_. SA_"r_I, R. S.: Formamidasa in guinea pig liver. If. Hoppe-Seyler's Z. Physiol. Chem. 350: 1279-1285, 1969. 55



MEMBRANE ACTIONS OF ANESTHETICS AND TRANQUILIZERS 651

,. Ther. 1,_: 527. SAVlTZ, D. A_°n SOLOMO.'_,A. K.: Tracer determinations of human red cell permeabiUty to small nonelectrolytcs.
J. Gen. Physiol. 58: 259-266, le.;l.

l: 2281-2284, 527a. S_ALES, O.: Effect of additions to ACD blood on erythrocyte preservation. Proc. Soc. F_xp. Biol. Med. 83: 593,
1953.

odine pent- 528. SCHAN]KI_R, L. S., JOHNSON, J. M. AND JEFFRY v, J. J.: Rapid pin,sage of organic anions into haman red cells.
Amer. J. Ph_siol. 207: 503-508, 1964.

ofArtemis 529.SCHA_B, L.S.,NAFPLrOTZS,P.A. A._'DJOHNSON, J.M.: Pv-ssageoforganicbasesintohuman redcells.J.Phar-
macoL Exp. Ther. I_: 325-331,19_I.

tone-bound 530.ScH.,vz,C. A_-nAnoN, D.: Coope.'ativeeffectofcertainanaestheticson thelobstergiant_xon.Nature (London)

221: 768-769, 1969.
fS0-induesd 531. SCH_LER, F.: Local anesthetic effects of sodium amytal (preliminary report). Anesthesiology 14: 321-332, 1953.

532. SCt_DEB, H.: The i_tramembrane location of alcohol anesthetics. Biochim. Biophys. Acts 163: 451-458, 1965.
?hysiol. 52: 533. SCHOENnonN, B. P.: Binding of anesthetics to protein: an X-ray crystallographic investigation. Fed. Proc. 27:

888-894, 1968.

odium and 534. Scluo_._oa.w, B. P, FES.THEI_TONE, R. -_f., VOGELHUT,P. O.._ND Scss_x._-n, C.: Influence of Xenon on protein
hydration as measured by a microNsave absorption technique. Nature (Londou) 202: 695-696, 1964.

[rreverslble 534a. SCnORDERET, M., A._rDSTRAUB, R. W.: Effects of non-narcotic analgesics and nonsteroid anti-inflammatory
agents upon inorganic phosphates, intracellular potassium and impulse conduction in mammalian nerve

_ompounds fibers. Riochem. Pharmacol. 20: 1355-1361, 1971.
535. ScHnzx._ER, H. R.: General biological effects of the helium-xenon series of elements. Fed. Proc. 27: 872-877, 19_]S.

at anon. J. 536. SCHUBERT,, J. A.'_°nSU_WALL, A.: Effects of some drugs on the uptake of acetylcholine in cortex slices of mouse
brain. J. Neurochem. 14: 807-812, 1967.

ment with f_6a, SCH_-.._A.W, J.: The monolayer technique. In Cytology and Cell Physiology, ed. by G. H. Bourne, pp. 119-149,
Clarendon Press, Oxford, 1951.

N-methyl- _37.SEARS, D. F.AND BRANnES, K. K.: Effectsofphenothiazincson the surfacepressures,potentialsand viscosities

he guinea- ofmonolayeraoflecithinand/or cholesterol.Agents and ActionsI:28-35,1969.

_38.S_A_s, D. F.AN'DFULL'R, E. L.:Volume changesofpolarand non-polarliquidhydrocarbor_exposedtopres-

!8.5,1971. suresofgases.Reap.Physiol.5:175-186,1968.

of l-anN 538a. Szc_IE_, O.: Physical and chemical data on anesthetics. Acts Anaesth. Scand. suppl. 4_: 1-95, 1971.

539. S_A.W, P.: Erythrocyte membrane stabilization by f,teroids and alcohols: a possible model for anesthesia.
_Aiochlm. Biochem. Pharmacol. 15: 1632-1637, 1966.

S40. SzE_A._', P.: ED'throcyte membrane stabilization by local anesthetics and tranquilizers. Biochem. Pharmacol.
,_ls,chlor- 15:1753-1766,1966.
•Biophy_. 541.S_z_A_, P.:A method fordistinguishingspecificfrom nonspecifichemolysins.Biochem. Pharmacol.15:1767-

1774,1966.

anesthetie 542.SZE._A_, P.: _Jembrane stabilizationby drugs:tranquilizers,steroidsand anesthetics.Int.Rev. Neurobiol.

9: 145-221, 1966.
retion and _13. S_A_, P.: Tr_nslent holes in the erythrocyte membrane during hypotonic hemolysis and stable holes after

Ther.155: lysisby saponinand lysoleeithin.J.CellB_ol.32:55-70,1967.

_44.SE_._A.w,P.: _[embrane stabilizationand expansionby drugs.In Metabolism and Membrane Permeabilityof

fibition of Erythrocytes and Thrombocy'tes, ed. by E. Deutsch, E. Gerlach and K.._Ioser, pp. 384-391, Georg Thieme
p. PathoL Verlag, Stuttgart, 1968.

• !5. S_z_A_, P.: Temperature dependence of erythrocyte membrane expansion by alcohol anesthetics. Possible
lcs fibres support for the partition theory of anesthesia. Biochim. Biophys. Acts 183: 520-529, 1969.

_46. SE_A_ P. AND BIALY, H. _.: The surface activity of tranquilizers. Bi_chem. Pharmscol. 12: 1181-1191, 1963.
647. Ss_A_, P., CHAr, M., GOLV_EaO, M., S_v_s, T. AND SAN, L.: The binding of Ca r to the cell membrane in-

h concen- exeased by volatile anesthetics (alcohols, acetone, ether) which induce sensitization of nerve or muscle. Biochim.
Biophys. Acts 225: 185-193, 1971.

almuscle _lTa. SIDEMAN, P._ ILES, G., NAYLOR, D. AND CINADER, R.:Membrane ultrastructureofcomplement- and anesthetic-

induced lesions.Pron.Can. Fed. Biol.Soc.15:1972,in press.

mestbesl- _18. Sz_A_, P. AND KwA.vr, W. O.: Membrane expansion of the erythrocyte by both the neutral and ionized forms

of chlorpromasine. Biochim. Biophys. Acts 183: 512-519, t969.
kbstract). _49. SE]_MAN, P.# KWANT, W. O., GOLDBERG, hl..k._D CHAU-WONO, M.: The effectsofethanoland chlorpromazine

on the passivemembrane permeabilityto Na _.Biochim. Biophys.Acts 241:349-35.5,1971.

thefrog's 550.SEEMAN, P._ _WANT, W. O. AND SAt'KS, T.: Membrane expansionoferythrocyteg_ostsby tranquiUzersand

anesthetics,Biochim. Biophys.Acts 183:499-511,1969.

•f the po- _51. S_MAN, P., KWANT, W. O., SAcKs, T. AND AROENT, W.: Membrane expansion of intact erythrocytcs by ones-
at. Phar- thetlce. Biochlm. Biophys. Acta 183: 490--498, 1969.

f_2. S_z_._,-_, P. A.wn Ro_, S.: General anesthetics expand cell membranes at s_rgicM concentrations. Biochim.

r eoneen- Biophys. Acts 255: 171-177, 1972.
Of sues- _3. SEDAN, P., Ro_IL S. AND SCH._Z_DEa, H.: The membrane concentrations of alcohol anesthetics. Biochim.

Biophys. Acta 225: 171-184, 1971.
olubility 654.S_:_, P.,SAX;K_,T.,AltOE_T,W. ANn KWANT, W. O.:The effectofmembranestrain-rateand oftemperature

on erythrocytefragilityand criticalhemolyticvolume. Biochim.Biophys. Acts 183:476-489,1969.

ty acids. _. S_EMAN, P., Stl.k'oA_Yl, S. I., GALEY, W. R. ANn _OLOMON, A. K.: The effect of anesthetics (ehiorpromuzine,
ethanol) on erythrocyte permeability to water. Biochim. Biophys. Acts 21l: 365-363, 1970.

ethaunl. _. S_F._.N, P. A_n WmNST_I_, J.: Erythrocyte membrane stabilization by tranquilizers and anti-histamines.
_iochem. Pharmacol. 15: 1737-1752, 1966.

!8.5,1969. 657.S_, H.: Correlation_betweenthe chemical,structureand the pharmacologicalactionsofthe steroids.Endo-

crinology30: 437-,_,';3,1942.



652 SEEXtXX

558. SErFXL_, A. J., Sxnls, N.-E. L. XXD G._VYFZ.'¢,M. L.: Inhibition of phc_pholipase A-induced swelling of mito-
ehondria by local anesthetics and related agents. Biochem. Pharmacol. 20: 305-313, 1971.

_50. SHXH, D. S.: A note about effecte of propylene glycol (P. G.) on phrenie nerve diaphragm preparation of rat.
Arznelmlttel-Forschung 21: 262-263, 1971.

/_0. SH_ZS, A. M.: Drug and ion effects in frog muscle. J. Gem Physiol. 33: 729-744, 1950.
561. Snx_'zs, A. M.: Electrochemical aspects of physiological and pharmacological action in excitable cells. Part I.

The resting cell and its alteration by extriusie factors. Pharmacol. Rev. 10: 59-164, 1958.
562. SnxNEa, A. M.: Electrochemical _peets of physiological and pharmacological action in exeitable ceils. Part II.

The action potential and excitation. Pharmacol. Rev. 10: 165-272, 1958.
_3. Snx_zs, A. M.: Physiological and pharmacological action revealed by the labile eleetroehemicM properties of

excitable ceils and simpler ph_,_sieochemical systems. Proceedings of the International Union of Physiologist
Sciences, _nd International Congress, Leiden, pp. 93-102, vol. I, section II, Excerpts Medica Foundation,
Amsterdam, 1962.

564. SnxNza, A. M.: Drugs and nerve conduction. Annu. Rev. Pharmacol. 3: 185-204, 1963.
f_5. SaAxEe, A. M. AND BEI_Mx._, M. D.: The kinetics of depression of potassium outflux by cocaine in toad sciatie

nerve. J. Pharmacol. Exp. Ther. 125: 316-322, 1959. i
5_* SH._.NE9, A. _. AND _E_aHF_LD, N. L.: Interactions o1 veratrum alkaloids, procaine, and calcium with mono-

layers of stearic acid and their implications for pharmacological action. J. Gen. Physiol. 44: 345--363, 1960.
$87. SHXPOVXLOV,A. I.: lntraeellulxr mieroelectrode investigation of effect of anestheties on transmission of excitation

in the epinal cord. Farmakol. Tok_ikol. 26: 150-153, 1963.
868. S_xw, J., GxBso.'¢, W., JEssvP, S. x.xn R._W_LL, P.: The effect of PGEt on cyclic AMP and ion movements in

turkey erythrocytes. Ann. N.Y. Acad. Sci. 180: 241-260, 1971.
569.Sux_,C. Y. x._o A._nE_szx, N. B.: The effectofoxygen on minim_l anestheticrequirementsinthetoad.Anes*

theaiology34:333-337,1971.

569a.SH_, C. Y. x_u A._n_ass_,N. B.: Minimal alveolarconcentration(MAC) and dose-responsecurvesinanes-

thesia.Anesthesiology _t6".146--151, 1972.
_70. SnmvxsTXV, B. B. x_n Bcaro._', A. C.: The effect of changing interracial tension on the shape of the red cell.

Can. J. Physiol. Pharmacol. 48: 359-368, 1970.

571.SI_nZc_r,R.: Uber dieAufnahme you Stickoxydulim Blut.Skand. Arch.Physiol.21:_8-3S2,1909.

li71a. SIGWALD, J._ BOYET, D. AND DL'_IONT, G.; Le traitementde lamaladiede Parkinson par leehlorhydratede

di6thylamino_thyl-N-thiodiphtS.nylamine (2987 R.P.) Premiers r_sultats. Rev. Neurol. 11-12, 581-584, 1940. f_
_172. S_o._, E.J. xxn Rosz._zao, P.: Effects of narcotics on the giant axon of the squid. J. Neuruehem. 17: 881-887,

1970. 61

573. Sxov, J. C.: Local anaestt_etics. I. The blocking potencies of some local anesthetics and of butyl alcohol deter-
mined on peripheral nerves. Acta Pharmacol. Toxieol. 10: 281-291, 1954. 6(

$74. S_ov, J. C.: Local anesthetics. II. The toxic potencies of SOme local anaesthetics and of butyl alcohol, determined
on peripheral nerves. Acts Pharmacol. Toxlcol. 10: 292-296, 1954. 6(

$70. S_ou_ J. C.: Local anaesthetics. III. Distribution o! local anaesthetics between the solid phase/aqueous phase
of peripheral nerves. Acts Pharmacol. Toxicol. 10: 297-304, 1954. 6f

570. Sxou. J. C.: Local anaesthetics. IX,'. Surface and interracial activities of some local anesthetics. Acts Pharmacol.

Toxicol. 10: 305-316, 1954. 6_
_77. Sxov, J. C.: Local anaesthetics. V. The action of local anesthetics on monomolecular layers of stearic acid. Acts

Pharmacol. Toxicol. 10: 317-324, 1954.
_78. S_:otr0 J. C.: Local anaesthetics. VI. Relation between blocking potency and penetration of a monomolecular

layer of llpoids from nerves. Acta Pharmaool. Toxicol. 10: 325-337, 1954.

_79. Srou, J. C.: Relation between the ability of various compounds to block nervous conduction and tl_eir penetra-
tion into a monomolecular layer of nerve-tissue lipoids. Biochim. Biophys. Acts 30: 625-629, 1958.

580. S_ou, J. C.: The effect of drugs on cell membranes with special reference to local anaesthetics. J. Pharm.
Pharmacol. 10: 204-217, 1961.

581. S_rH, E. B.: The role of exotic gases in the study of narcosis. In P. B. Bennett and D. II. Eliiott, The Physi-
ology and MedicineofDiving and Compressed Air Work, pp. 183-192,BailliereTindalland Cassell,London, (
1960.

582. S._xn_, R. S. xsn W_LSO._,M. J. : Uptake of steroid hormones into artificial phospholipid/cholesterol membranes I
Nature (London) 215: 964, 19_7.

683. SNOD_RxSS, p. J. xxn P_nxs, M. M.: The effects of halothane on rat liver mitochondrla. Biochemistry 5: 1140- I

1149_ 1966. t
584. S._o_, R. E. xsv Noxnuv, R. C.: Comparative effects, in vitro, of various detergents on liver glucose-6-phoe_

phate phosphohydrulase, inorganic pyrophosphate-glucese phosphotransferase, and acid inorganic pyrophoa- ¢
phatase a_ivities. Biochim. Biophys. Acta 139: 190-192, 1967.

38_. SO_OT_X, H., P_cz, S. M. ann KArat, J.: Optically active hydantoins as hypnotics. J. Pharmacol. Exp. Ther, !
47: 209-215, 1933.

586. So_1_, G. G.: Effects of ether and thiopental on spinal presynaptie terminals. J. Pharmacol. Exp. Ther. 140: !
390-402, 1963.

5$7. So_J_._', G.: Effects of anesthetics on spinal cord of mammals. Anesthesiology 28: 135-143, 1967. (
_. SOMJEN, G. G. AND GILL, ._[.2The mechanism ef the blockade o1synaptic transmissionin the mammalian

spinal cord by diethyl ether and by thiopental. J. PharmacoL Exp. Ther. 140: 19-30. 1903. (
_39. Soo_, R. R. x._v Szx_ea, R. A.: Pressure-induced dehydration reactions and transitions in inorganic hydrates.

Science 154: 388-390, 1960. (



MEMBRANE ACTIONS OF ANESTHETICS AND TRANQUILIZERS 653

)f mito- $00. SPACH, C. ANn STaZETZbr, D. H. P.: Retardation of sodium exchange in dog erythroeytes by physiological con-
centrations of a]doaterone in vitro J. Clin. Invest. 43: 217-227, 1984.

t of rat. 590a. SPzaO0 L.: Interaction of local anesthetic_ with tyrosine and tryptophan residues in the erythrocyte ghost
membrane. Proc. Can. Fed. Biol. Soc. 14: 32, 1971.

$90b. SPzaO, L.: Interaction of Anesthetic Molcculc_ with Erythrocyte Membranes. Proceedings of the Sixth Inter-
Part I. national Pharmacological Meeting, 1972.

590c. SPzno, L. aND ROTH, S.: Fluorescent hydrophobic p ube study of the interaction between local anesthetiCS and
?art II. red cell ghosts. Fed. Pros. :29: 474, 1970.

690d. SPgno, L,, SmMZNS, A. J. A_n LAwRz_'cz, G.: tIydrcphobic probe study of a specific inhibition by tetrodo-
rtlca of toxin of the interaction between sodium ions and membranes. Proc. Can. Fed. Biol. Soe. 15: 633, 1972.

iologist $91. SP_VEN, R. N.: The effect of some volatile anaesthetics on the traLsmurally stimulated guinea-pig ileum. Brit.
dation, J. Pharmacol. 25: 104-118, 1965.

$92. SPmTES, M. A. ASh GvvH, P. S.: Effects of chlorpromazine on biological membranes. I. Chlorpromazine-induced
changes in liver mitochondria. Biochem. Pharmacol. 12: 37-46, 1063.

sciatic $93. SPmT_e, M. A., MOnGAN, E. S. A._n COHE._, 3I. S.: Effects of ehlorpromazine on biological membrancs. III.
Swelling and shrinkage of rat liver mitochondria suspended in leo- or hypotonic sucrose media in the presence

mont>- of cyanide or eyanid_ plus chlorprnmazine. Bieehem. Pharmacol. 14: 295-3{)3, 19_5.
60. $94. SPY_OPOVLOS, C. S.: The e_ects of hydrostatic pressure upon the normal and narcotized nerve fiber. J. Gem
Ration Physiol. 40: 849-857, 1957.

$95. STnAvn, R.: Der einfluss yon lokalanesthetika auf ionenbcdingte ruhepotentiol_lnderungen yon markhaltigen
eats in nervenfasern des froschcs. Arch. Int. Pharmacodyn. Th&. 107: 414-430, 195{}.

$96. STt_V_NtNc_r,J. W,N, G_ 6sTagy, W. K. A._n Booxa, tt. L.: The influence of ehlorpromaziue _n the osmotic fragility
.Anse- of erythrocytes. Biochem. Pharmacol. 16: 837-841, 1967.

$97. STRgZVZN, D. H. P. ANY SOLO_O.W, A. K.: The effect of ACTII and adrenal steroids on K transport in human
l ones- erythrocyte_. J. Gem Physiol. 37: 843-661,195L

$98. STnonzL, G. E. ANY BIA._CHI, C. P.: The effects of pH gradients on the uptake and distribution of C"-procaine
• 1 ceil. and lidocaine in intact and deshcathed sciatic nerve trunks. J. Pharmacol. Exp. Ther. 172: 18-32, 1970.

$90. STnoBEI,, G. E. AND BIA._'CHLC. P.: An in vitro model of anesthetic hypertonie hyporpyrexia, halothane-caf-

felne-induced muscle contractions: Prevention of contracture by procainamide. Anesthesiology 35: 465-473,
ate de 1971.
1946. 600. SI"OCKnALz, M. A._D S_I, wv_, M. J.: Influence of ring substituents on the action of phenols on some dehydro-

11-$87o gena*es, phospholipases and the soluble ATPase from rnitochondria. Eur. J. Biochem. 21: 416-423, 1971.
$01. STOCKDALZ,M. A_D SZX,WTN, M. J.: Effects of ring substituents on the activity of phenols ms inhibitors and

deter- unCouplers of mitochondrisl respiration. Eur. J. Biochem. 21: ,565--,574,1971.

6fl2. Su, C. ANn LE_, C. Y.: The mode of neuromuscular blocking action of chlorpromazine. Brit. J. Pharmacol. 15:
_ined 88-94, 1960.

602s. SUOX'Z'AZXA,K.: Calcium-dependent histamine rele_e with dcgranulation from i_olated rat mast cells by adeno-
phase sine 5'-tripbo_phate. Jap. J. Pharmacol. 21: 209-226° 1971.

603. SY_I:oNs, A. M., Ll_wla, D. A. AND A._*ClLL,R. J.: Stabilizing action of anti-inflammatory steroids on ]yeo_omes.

aaeoL Biochem, Pharmacol. 18: 2581-2582, 1059.
604. SYMo_s, A. M., Lzwxs, D. A. ANn ANCILL, R. J.: The uptake of antl-inflammatory steroids by lyso_omes. J.

Acts Pharm. PharmacoL _:_:944-945, 1970.
_05. TAOLIAMONTE, A.° TAOLIAMONTE, P. AND GESaA, O. L.: Reserpine-llke action of ehlorpromazine on rabbit

_eular bMal ganglia. J. Neurochem. 17: 733-738, 1970.

60_. TAr, AOrta, S., Ft:_vnA, ,N. A_n A._XANO,Y.: Mode of action of ehlorpromaziue on unit discharges from nuclear
tetra- structures in the brainstem of cats. Jap. J. Pharmaeol. 20: 42t--431, 1970.

607. TA_AXA, K. WeD ItZVKA. Y.: Suppression of enzyme release from isolated rat liver lysosomes by non-steroidal
,arm. anti-inflammatory drugs. Bioehem. Pharmacol. 17: 2023-2032, 1968.

608. TAI'LOa, R. E." Effect of procaine on electrical properties of squid axon membrane. Amer. J. Physiol. 19b: 1071-
hyai- 1078, 1950.
zdon, 609. Tannin, C. ANn WZ_L_AN, N. E.: Resolution of alpbe-n-propylamino-2-methyl-propionanilide and the abso-

lute configuration of its stereoisomers. Acts Chem. Scand. 15: 1180-1181, 1961.

•aries 610.TEv.ttK_,A., NYHOLM, _I. AND PAASONEN, 3I.K.: Effectofchlorpromazineand reserpineon the bloodplatelets

of rabbit. Experientia (B_el) 20: 27-28, 1964.
1140- 611. Tt_zst,_r,S.:The effectofanestheticagentson skeletalmusclemembrane. Acts Physlol.Scand.37:335-349,1956

611a.THOMAS, R. C.:Measurement ofcurrentproduced by thesodium pump ina _nailneurone.J.Physiol.(London)
_ho_ 19_: 23-24P, 1968.

_hoa- _1_. THOng, A. _v BALTSCXgrrSX_, H.: Inhibitory effects o_ lower aliphatic alcohols on electron transport phos-
phorylatlon systems. E Straight-chain, primary alcohols. Acts Chem. Stand. 19: 1591-1599, 1965.

?her. 613.Tltonz_A. ANn BAL'rsc_zrlmgY,H.: Inhibit_)ryeffectsofloweraliphaticalcoholson electrontransportphos-

phorylstionsystems.2.Secondary,tertiaryand di-alcohols.Acts Chem. Scand. 19:1600-1606,196,5.

140: 614. THORNVON, J. A., WHI_LP'rON,D. AND B_owx, B. H.: The effect of general anaesthetic agents on nerve conduc-
tion velocities. Brit. J. Anaesth. 40: 583-587, 1963,

615. T_ov.Pn, W. R. A_n Szlc_A_, P.: Effect of denervating skeletal muscle on calcium binding by isolated _rco-
J/an lemma. Exp. NeuroL 30: 277-290, 1971.

616. THO_PIC, W. R. ANn SglCMA_T,P.: The cite of action of caffeine and procaine in skeletal muscle. J. Pharmacol.
tree, Exp. Ther. 179: 324-330, 1971.

617.THYRUM, p. T._THYn_, "ill..M. A_D LUeHr,R. J.:Membrane phospholipid-calciumcomplex:possiblecommon

siteofactionoflocalanestheticsand narcotics.Pharmacologist13:212,1971.

i



654 SEExtA.,,"

618.Tt.xG,H. P.,W1t_o._,D. F. Axe CnA.XCE.B.:Effectsofuncouplersofoxidativephosphorylationon thespecific 649.

conductanceofbimo]ecularlipidmembranes. Arch.Biochem. Biophys.141:141-146,1979.

619. Taxoz, S. ANn BL_NCHL C. P.: Effects of local anesthetics on muscarinic sites of the isolated frog ventricle. Eur. f,491
J. Pharmacol.7: 143-151,1969.

620. TflOE, S., HAE'GAARD, ,_. AND BIAXCnL C. P.: The effects of psychoactive agents on calcium uptake by prepara- _0.
tions of rat brain mitochondria. J. Neurochem. 18: 2171-2178, 1971.

621. TO_t.,,N, J. E. P.: Neuropharmacology of peripheral nerve. Pharmacol. Roy. 4: 168-218, 1952. 631.
622. Toanx, C.: Effect of chloroform and ether on the sensitivity of muscle to acetylcholine. J. Pharmacol. Exp. Ther.

77-78: 350-356, 1943. 632
622a. T_Ar:ea, J.: Uber die wirkung lipoidlOslicher stoffe auf rote blutkOrperchcn. Biuchem. Z. 10: 371-379, 1908.
633. TRavon, A.J. ANn CWaM.-Na, J. T.: Properties of sodium- and potassium-activated adenosine triphosphatases of 632_.

rat brain-effect of cyclopropane and other agents modifying enzyme activity. Biochem. Pharmacol. 18: 1157-
1167, 1969. 63.52[

694. TRY'ANT, A. P.: Distribution of procaine in squid axons (I,oligo). Fed. Proc. 29: 321-322, 1950.
524a. TaUnELL, J. R., ttL'BBELL, W. L. AND COHEN, E. S.: Electron spin resonance studies with the volatile aries- 632c

thetics in phospholipid model membranes. Fed. Proc. 31:549 Abs., 1972.
625. TeAt, C. S.: Relative reaetivities of primary alcohols as substrates of liver alcohol dehydrogenaae. Can. J. Bin- _3.

chem. 46: 381-385, 1968.
626. Tvc_an, G. T., BoYaa, R, N., BR.-DENBAUGn, P. O. AND .XIOORE,D. C.: Binding of anilide-typc local anesthetics 6,54.

in human plasma. Anesthesiology 33: 287-303, 1970.

627. UgDA, I.: Effects of diethyl ether and halothane on firefly luciferin blolumincsccnce. Anesthesiology 26: 603-606, 63,5.
1965. 650.

628. U_DA, I.: The effects of volatile general anesthetics on adenosine diphospbatc-induccd platelct aggregation.
Anesthesiology 34." 405-408, 1971. 657.

629. UED.a_, I..,tND M.-_T.'tSL W.: Microsomal ATPase of rabbit brain and effects of general anesthetics. Biochem. 63,58.
Pharmacoh 16: 1370-1374, 1967.

630. Urnx, I., WAnA, T. ASh ]JALL.-NGEH, C. 3f.: Sodium- and potassium-activated ATPsse of beef brain-effects of 6,59.

some tranquilizers. Biochem. Pharmacol. 20: 1697-1700, 1971.
631. UI:HARA, Y.: Narcotic and NaCl-deficieney as blocking agents. Jap. J. Physiol. 10: 267-274, 1960. _I. M
632. UZrtARA, Y.: Conduction of nervous impulses in ,N'aCl-deficient media. Jap. d. Physiol. 8: 282-291, 1958.
633. UZHAX_, Y.: Graded nodal respon_ in NaCl-defieient media, and the critical NaCI-coneentration for "excite- _2.

tion". Jsp. J. Physiol. 9: 30,1-310, 1959.
634. lJ'aVBL_OA, J. E. ANn ST.A, NDAERT, F.: The effects of local anesthetics on motor nerve terminals. J. Pharmscol. $63. "d

l_.xp. Ther. 159: 353-361, 1968.

634a. UzvNov, P. ANn Wmsa, B.: Effects of pheuothiazine tranquilizers on the cyclic 3',5'-adenosine nmnophos- 664. _
pbate system of rat brain. Neur0pharmacology 10: 697-708, 1971.

635. VA.wDx'gz, R. A. AND RZ_ANS, L. E. : Effect of the volatile anesthetics on aniline hydroxylase and aminopyrine _5. V*
demethylase. Biochem. Pharmacol. 19: 1501-1502, 1970.

630. VaN Pozr:Ax, A.: The effect of inhalation anesthetics on repetitive activity generated at motor nerve endings. _6. V_
Anesthesiology 28:124-126,1967.

_67. V_
637. VAPAATALO,H. I.: Studies in the mechanism of chlorpromazine-induced adrenaline release from bovine adrenal

gland. Ann. _,led. Exp. Biol. Fenn. 46: 3_5-352, 1068.

638. V_PAATALO, It. I.: Suprarenal medullary adrenaline in chlorpromazinc-t rested rats. Ann. Med. Exp. Biol. Fenn. 668.
46: 353-358, 1968.

_9. V£PAATALO, H. I., AHTaZ, L. AND PAASONEN, 31.K.: Releaseofadrenalineand noradrcnalineby some pheno- 669.
thlazinesfrom the bovineadrenalgland.Ann. Med. Exp.Biol.Penn.44:464-468,1966.

_40. VZ_ZLL, Z. _. ANn PAS_ANANTI, G. T.: Utility of clinical chemical determinations of drug Concentrations in blo- $70.

logical fluids. Clin. Chem. 17: 851-866, 1971. _71.
641. V_LALLONnA, F., FRmD, E. AND Iz_zRno, J. A.: Promazine, promethazine, diethazinc and imipramine at the

air-O.l .M HCI interface. Arch. Int. Pharmacodyn. ThTr. 150: 260-2_5,1961.
64_. VILLa6Aa, L.: Inhibition by amytal of water movements in gastric mucosa. Biochim. Biophys. Acts 173: 348-350, !

1969,

_2_.. VEk]L.E_AS,,R., BARNOLA, P. V. ANn CAMF20, G,: Ionic channels and nerve membrane lipids. J. Gem Physiol.
55: _48-561, 1970.

_43. VILL_OAa, R., Ic_anRERA, F. C., VILLaGAa, G. M. AND BLEI, M. : Sodium influx and nonelectrolyte penetration in
ttlmulated squid axons. J. Cell. Comp. Physiol. 66:155-158, 196,5.

$44. VILLEOA$, R., VII, LgOAa, G. M., DLPOLO, R., ANDV.-LLEGAa, J. : Nonelectrolyte permeability, sodium influx, elec-

trical potentials, and axolemma ultrastructure in squid axons of various diameters. J. Gem Physiol. 57: 623-637,
1971.

644a. Von_t._, M. M.: Evidence for the release of endogenous catecholamines by tetracaine. Life Set. 8: 25-31,1989.
645. WA_ATa_,"_, T., SOLL.-VA,W,Jn., W. J. _ND KL_An, D.: The mechanism of action of progesterone on human

myometrium. IIL In vitro progesterone effects on potassium flux iu human myometrium. Amer. J. Obst. Gyne-
col. 98: I050-.I0_, 1987.

646. WAHLSTBSSt, G.: Differences in anaesthetic properties between the optical antipodes of hexobarbltal in the rat.
Life SoL 5: 1781-1790, 1966.

647. WAmt_a'It_M, G.: Differences in anaesthetic properties between the optical isomers of 5-(2-bromoallyl)-5-isopro-
pyl-l-methylbarbiturie acid (Enlbomal NFN) in the rat. Acts Pharmacol. Toxicol. 26: 81-91, 1968.

_48. W-w_aanl'll0M, G.: Sleep induction by progesterone and medroxyprogesterone in the canary. Acta Pharmacol.
Tozieol. 26: 883-.596, 1968.

i



MEMBRANE ACTIONS OF ANESTHETICS AND TIRANQU]LIZERS 655 i

specific 649. WARLSTR6_, G., B_c_, H. AND Bt'ZFJ-LO, W.: Unequal anaesthetic potency despite equal brain concentration of i
bexobarbitM antipodcs. Acta PharmacoL Toxicol. 28: 493-498, 1970.

_. Bur. Mga. W_IN, R. F., BLAC'XB_N, W. H. X,WDN._POLL M. D.: Pharmacologic interactions of albutoin with other anti-
convulsant drugs. J. Pharmacol. Exp. Ther. 174: 276-252, 1970.

650. WE_Y, J. N.: Effect of barbiturates on "quantal" synaptic transmission in spinal motoneurones. J. Physiol. !repara-
(London) 20_:63-77,1969. i

651.WEBS_rZR,R. A.: Effectsof mephencsin and cblorpromazineon motor nervedischargesinthe rabbit.Brit.J. |
Pharmacol.25:270-282,1965.

,.Ther. 652. WEED, R. I., LACELLE, P.L. AND MERRILL, E.W. :Metabolicdependenceofred celldeformability.J.CLin.Invest.

L 48: 795-809, 1969.
652a. W_',,IDxfA_C,W,S.: Effects of calcium ions and local anesthetics on Purkin]e fibers. J. Physiol. (London) 129: 568-ta_s of

_: 1157- _82, 1955.
652b.WF._-MALHERBE, H. AI_'DPOSNEE, H. S.:The biphasiceffectofphenothiazinesand reserpineon the releaseof i

epinephrine from adrenomedullary granules and its dependence on ptI. Biochem. Pharmacol. 13: 685_90, 1964. 1
652c. W_OR_X_-D, B. F., WARD, D. AND Josh'S, T. R.: The effect of methohexital at the neuromuscular junction. |

Brain Res. 26: 46,5-468, 1971.

J. Bio- 653. Wg'chA_vzn, D. B. x_rv LOVmE.w, R.: Induction of reversible structural changes in proteins by nonpolar sub-
stances. J. Biol. Chem. 259: 596-603,1954.

654. WHITE, D. C. A_-v DU_CD_S, C. R.: Effect of anesthetics on emission of light by luminous bacteria. Nature (Ion- .]_thetics
don) 226: 456-458, 1970. ]

@3-606, 65,5. Wm'rr_s, R.: Control of membrane permeability to potassium in red blood cells. Nature (London) 219: 610,1968.
666. W_rrrgRmGg, D. AND BfY_Bm*WO,E.: Changes in activity of pulmonary receptors in anaesthesia and their in-

gation, fluence on respiratory behaviour. J. Pharrnacol. Exp. Ther. 81: 340-359, 1944.
(hW. W_rr'rzmD_z, D.: Effect of anaesthetics on mechanical receptors. Brit. Med. Bull. 14: 5-7, 1958.

9chem. 6,58. WIEDLING, S. A_NDTEGN_R, C.: Local anaesthetics. In Progress in Medicinal Chemistry, ed. by G. P. Ellis and
G. B. West, vol. 3, pp. 332-398, Butterworths, Washington, 1963.

recta of _9. WI_,COX, W. D. AND FUCHS, F.: The effect of some local aesthetic compounds on sarcotubular calcium transport. ]
Biechim. Biophys. Aeta 180: 210-212,19_9. L681. Wl_'s, P. X_CDScHorrEmra_, E.: ATP + Ca+_-linked eontcsetion of red cell ghests. Arch. Int. Physiol. Bioehim.
]?4: $12-820, 1966.

_vita- _62.WINs,P._ND SC_O_ZE_'_z.S,E.:Possibleinvolvementofelectrontransferreactionsin the (Mg q- Ca)-dependeut
ATPsse activity of red cell ghosts. Life Sci. 7: 673-681, 19_8. _

C. E. x._v BAYER, R. O.: The neuroph_oiology of anesthesia. Anestheei- iWi_vrzns, W. D., Moea, K., Seoo_za,
ology 25: 65-80, 1967.

ophce- $64. WIaH_VL_,A.: The solubility of hydrocarbon gs_es in protein solutions. Proc. Nat. Acad. Sci. U.S.A. 48: 2200-2204,
1962.

pyrine {_6_.Wm_z_-_, A. *_'v lhNDEE, t{.: Hydrophobic interactions in proteins: Conformation changes in bovine serum al-
bumin below pH _. Biochemistry3: 1377-1384, 1964.

zdings. {_6. WOLF, J, AND JONES, A. B.: Inhibition of hormone-sensitive adenyl cyclase by phenothiazincs. Proc. Nat. Acad.
Sci. U.S.A. 65: 454-459, 1970.

•lrenal 667. WOOD_URX, D. M. _v Kmae, J. W.: Some possible mechanisms of action of anti-epileptic drugs. Pharmako-
peychiat. Neuro-peyehopharmakology 3: 201-226, 1970.

FenD. 668. ZooRA_, G., AVShAiS_D_a, D. E. Ah'n LrrFJ.L, P.L.: Intertacial properties of phenothiazine derivatives. J. Pharm.
Sei. 53: 573-574, 1964.

pheno- 669.ZOORAFI, G. AND AU&LAI_DE_g,D. E.: Surfaceactivityofchlorpromazineand ehlorpremazineeulfoxideinthe
presenceofinsolublemonomolecular films.J.Pharm. Sci.54:1313-1318,1965.

bio- $70.ZOGRAFI, G. AND ZA]RZNDA,I.:The surlaceactivityof phenothiazinederivativesatthe air-solutioninterface.
Biochem. PhacmacoL 1_:591--.598,1968.

,_t the 671. ZU_ER-FRAN]_LYN, D., EL_A_, P. ANDSIMON, F.. J.: The effect of the morphine analog levorphanol on phago-
_yt_ing leukocytes. A morphologic study. Lab. Invest. 25:415-42 4 1971.

48-350,

h:_i01.

tion in

K,else-
23-637.

L

roman

_yne-

I_ rat.

aopro-

macol.


