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During the last tventy yesars much progress has been made in the
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standing of blological phencmena in terms of the structure of molecules and
their interaction with one another. The progress thet has been made in the
Tield of molecular blology during this period has related in the main to
scumtic and genetic aspects of physiology, rather then to peychic. Ve moy
nov have reeched the tine vhen a successful molecular attack on psychobiology,
including the nature of encephalonic mechanigns, comsciousness, memory, nar-
cosls, sedation, and similar phenomena, csn be initiated. As one of the
staps in this siteck I have formlated a rsther detalled theory of genersl
anesthesia, vhich is described in the following paragraphs.

It is likely that consciousness and ephemeral memory (reverberator;
memory) involve electric oscillstions in the brain, and that permanent nesory
involves & mabterial patitern in the brain, in part inherited by the organian
(instinet) and in pert transferved to the material brain from the eleciric

» Contribution Ho. 2697.

The work reported in this peper is part of a progra: of investigation of
the chemical bagis of mentel disease supported by grants to the Califarnia
Institute of Technology mede by The FPord Poamdation and 2 grant from the
National Institutes of Healih, This theory has been presented in lectures
al Pacific State Hospiltal, California State Departaent of Mextal Rygienc,
Spadre, California, Moy 23, 1960; meeting of Western Society of University
Ansothetists,; Stanford Medicsl School, Palo Alto, Californis, Jauary 21,
1961; neeting of Hawaiil Section of the Americen Chemical Soeiety and Signa
Pl Sigm, University of Hewali, Honolulu, Haweii, April 5, 1961; and meeting
of Mediterranean Section of the Sociétid de Chimie Physique, Toulouse, Fraxce,
April 25, 1961,
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pmttma@thauﬁmmmw.l The detailed natures of the electric

osclillations comstituting consciousness end ephemeral nenory, of the molec-
uler patierns comstituting permenent memory, and of the mechanisn of their
interactlion are not known.

The electric oscillastions of the braip make themselves evident in
a crude way in els

logrems, vhich shov patterns of electrie cscil-
latlon that depend upon the stale of consciousness and the nature of the
ewephalonie activity of the sudlect. BEvidence that the epheneral memory,
with an effective life that is rarely longsr than e few minutes, is electrical
in neture 18 provided by s nupber of observations. It has been noted thal une
conscelousness produced by a blow to the head or elsctric shock often has
czused couplete loss of memary of the experiences during the period of 10 or
15 minutes before the blow or shoek to the brain. Moreover, when the forme~
tion of new permanent meoories 15 interfered with by the decreased ability of
the brain to carry on metebolic processes lnvolving proteins, as in old age
o Korsakoff's syndrome (alcoholisn, proteia starvetion, thismine deficiency),
the memory contimies for a period of time of 10 or 15 nimutes, but usually
not much longer; the memory seems (0 persist only 30 long a5 conscious atien-
tion is directed to 1t.°
We oay dlscuss the electric oscillations of consciousness and
epheners]l neoory in terms of the eetiting mecheniss and the supporting struc-
ture. The supporting structure ig the drain, with its neuroglial cells,
mewrone s . and synphic internewronsl comections that determine the detailed
aature of the oscillationc. The average eoeryy of the electric oscilliations
may be assuned Yo be determined by the activity of the exciting mechanism and
the resistance of the pewrsl networdk. 1oss of consclousness such as occurs

in sleep or in narcosis {gener peia) mey be the result either of o

decrease in activity of the exiting mecheniam or of an increase in Lpedonce
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of the supporting network of conductors, or of both. I think that it is
likely that sleep resulis from a decrease in the activity of the exciting
mechanism, snd that many sedatives, such as the bharbiturates, operate by &
specific action on the exciting mechanism, such as to decrease its activity;
similarly, stimalants such as caffeine may have & specific action on the
exciting mechanism that increases its activity. I think that general anes-

thetics of the nos

nding type, such as cyclopropane, chlorofors,
aitrous oxlde, and 1,l,l-trifluoro-2-chloro-2-bromoethane (halothane), operate
that this incresse in impedance resulis from the formation in the network,
presumably mainly in the synaptic regions, of hydrate microcrystals formed
by erystallization of the encephalonic fluid. These hydrate microcrystals
trap some of the alectrically chargsd side-chain groups of proteins and some
of the ions of the encephalonic fluld, Intexfering with their freedom of
motion and with their comtribution to the electric oscilistions in such a
vay a8 to increase the impedance offered by the network to the electric waves
and thus to cause the level of electrical activity of the braln to be restricu-
ed to that characteristic of anesthesias and unconsciousness, despite the con-
tinmued activity of the emeiting mechanisn. The formation of the hydrate micro-
crystals may also decrease the rate of chemical reactions by entrapping the
reasctant molecules and thus preventing them from coming close enocugh to one
another to react; in particular, the catalytic activity of enzymes may be
decreased by the formation of hydrate microcrystels in the neighborhood of
their active sites.

This theory ie forced upon us by the facts sbout anesthesia. Hun-
dreds of substances are known to cause general anesthesia; smong them are
chloroform (CHClg), halothane (CFsCClBrH), nitrous oxide (¥,0), carbon

aloxide (COp), ethylene (CpH,), cyclopropane (CsHe), sulfur hexafluoride’
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(5Fg), nitrogen (M.) and argon (Ar), which under high pressure cause mu-eeus“,
and xenon’ (Xe). The substances given in this list have rather similar proper-
ties as general anesthetics; these properties show s reugh correlstion with
thelr physical properties, such as the vapor pressure of the liquids, Per-
ﬁxsona calls them the physical anesthetics. Ve may infer that they function
in & simflar way to one ansther in cawsing narecosis. mir chemical properties
are such that 1t is igpossidle to belleve that ithey produce narcosis by taking
part in chemical resctions involving the formationm and bresiring of ordinary
chenical bonds (covalent bonds). Moreover, slthough it is known that in many
physiological processes the farmation and rmpture of hydrogen bonds play an
Ligportant part, these substances, with the exception of e few {nitrous oxide,
carvon dloxide, chloroform), would not be expected to form even weak hydrogen
vonds, and we may osll them the non-hydrogen-bonding anesthetic agents. Other
narcotics, such as ethanol, m&y be placed in the hydrogen-bonding class.

The most surprising anesthetic agents are the noble gases, such as
xenon. Xenon 1s campletely unrsective chemically. It has no ability vhatever
to forri ordinary chemical capounds, Involving covalent or ionic bonds. The
only chenical propert; that it has 1s that of taking part in the formation of
clathrate crystals. In these crystals the xenon atoms occupy charbers in a
Sranmework formed by wolecules that interact with one another by the formation
of hydrogen bonds. The crystal of this sort of grestest Interest %o us is
Xenon hydrate, Xe-$ * Ho0. Ths crystals of xenon hydrate have been showm by
X~Tay examination to have the sane siructure as those of other hydrates of
szall molecules, such as methane hydrate and chlorine hydrate.! A thorough
x-ray exanination of chlorine hydrate has been madea, showing that ia the
cubic uni% of structure, with edge 11.88 1, there are hf water molecules
arranged in a framework such thalt each water molecule is surrounded tetra-

hedrally by four others, with which 1t forms hyd-ogen bonds wisth length 2.75 A,
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essentially the sane a3 in ordinary ice (2.76 1). Vhereas in ordinary ice the
hydrogen~-bonded framework does not conmtain any chanbers large enough for
occupancy by molecules other than those of helium or hydrogen, the framework
for zenon hydrete and related hydrates conteins eight chanders per cubic unit
cell. Two of thase chasbers are defined by 20 molecules at the corners of a
nearly regular pentagonal dodecshedron, and the other eight are defined by 24
wvater molecules at the carners of a tetrakaidacahedron, which has two hexagonal
faces and twelve pentagonal faces. These polyhedral chacbers are illustrated
in Figures 1 and 2. The soaller chazbers and the larger chsstbers may be occu-
pied by the xenon atoms or methane moleculss, but only the larger chembers per-
nit occupancy by chlorine molecules, which are samevhat larger than the mole-
cules of xenon or methane. Preosumably in chlorine hydrate the dodecahedral
chazbers are partially oocupled by water molecules not forming hydrogen bonds,
or, in case that air is present, by nitrogen moleculas or oxygen molecules.
Rydrate crystals with somevhat similar structures are also formed by
other anesthetic agents.' Chlorofors, for exmple, forms the hydrate CHCls~LTHoO,
which has a cubic unit of structure with the cube edge 17.30 A. The hydrogen-
bonded framework of 13¢ molecules per cube involves 16 small chambers per cube,
with the pentagenal dodecahedron as the coordination polyhedron, and 8 large
chavibers, each formed by 25 weler molecules at the corners of & hexskaideca-
faces and 12 peutagonal faces (Fig. 3). Only
the larger chabers can accommodate a chloroform molecule. The ssaller chan-

hedron, wvhich has four

bers mey be occupled by smailer molecules, such as xenon, which with water and
chloroforn forms the crystel CHClg+2Xe-1THgO. The volume of the 17- framework
per water molecule 1s slightly larger then that of the 12-1 frasevork--—an 16
percent incresse over ordinary ice (ice 1), as copared with 16 percent for the
12-4 fresework.

The atability of the hydrate crystals results in part from the vas
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der Waals interaction between the entrapped molecules and the wuter malecules
of the framework and in part from the energy of the lLydrogen bonds. So far as
the energy of the hydrogen bonds is concerned, the stability of the framevori
alome waxild be expected to be the same as thal of ordinery ice; however, the
frooework 1s aore agpen for the hydrates than for ardinary ice {molar volume
27 xnl per mole for the hydrate fremework, 20 ml per male for ordinary ice),
and in consequence the stebilisation by van der Waals interaction of the waier
aolecules with ong another is less for the hydrate frauzeworks than for ordi-
nary ice. A thorough discussion of experimental informseiion about hydrate
crystals by methods of stalistical mechanics, with the crystals treated as
having variable occupency of the chazbers in the framework, has been carried
out by van der Waals and Platteeuv; it leads to free energy per water moleculs
of the emply framework grester than thet for ice I at 0° C by 0.167 keal/nole
for the 12-A franework sod 0.19 keal/mole Por the 17-1 fremevork.”

The exteant to vhich the crystals are stabilised by the ven der Weals
interaction of the entrapped molecules and the swrounding water molecules can
be estinmeted by a sinple calouwlation. The London eguation for the energy of
the electroanic dlspersion interaction between two molecules 4 and B is
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cules, E, and Ky are their effective energles of electranic excitation, end r
is the distance between thelr centers. It has been found that agreement
between this equation and the observed enthalpies of sublimation of crystels
of the noble gases is obtalned by teking the effective exritation energy to be
1.25 tines the firet ionizetion energy. " The firet fonisstion emergy of

xenon 1s 260 keal/mole, and the same value may be used for the water molecule.
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MMMWMMWMMﬁmWﬁayf, in which
R, =od Ry are the mole refractions of A axd B, in ul, and a 18 equal %o 51
keal/mole, with r meesured in A (the mole refrection is h}/3 times the polar-
izability; § is Avogadro's mumber). In the crystal (Xe-hGBg0 two of the xenom
molecules are in pentagonal dodecshedral chembers formed by 20 wabter molecules
at the distance 3.05 A from the xemon atom and the other six are in letraiai.
decahedral chavbers formed by 24 weter molecules, of which 12 are at L.0% %
and 12 st b.h6 A, The evernge energy of van der ¥aals atiraction of & xemon
abas (R = 10.16 ml) with its neighboring weter molecules (R = 3.75 ml) is thus
caloulunted to be ~9.1 keal/mole, which becanes -10.3 keal/mole on addition of
She simdlarly caloulsted valuea for the interacticon with more dlstant waber
polecules and with other xenon etaus in the erystal.

The difference in enthalpy of the 12-X waler fremework and ordinary
ice sy be roughly evaluated by a simllar calculetion of the energy of van
der Weals attraction between the waber molecules (the neerest and nexi-neercs:
aelghbors are at nearly the sane dlstances in ordinery ioe and the hydrate
crystals, but the larper distanres sre different,

open structure of the hydrate frasework). This celculation gives 0.1€
kcal/mole for the 12-1 framework and 0.20 keal/mole for the 17-8 framework;
values indicates thet there 1s 1little difference in extropy of ithe egpty
framevorks and ice I, a8 is expected from the ginilarity of the intersolecular
forces thet determine the vibratioms of these hydrogen-bomded structures. The
enthalpy of formation st 0° € of Xe5 § HoO fron gasecus xenon and ice I is
fomd by aperinentl to be 8,4 keal/mele. The valus given by the fovegoing
caleulations 18 0.3 - 5.75 x 0.16 = 9.% knal/uole, ninus a small correctloan
far the vua der Weals repulsion of the xenon abtons and the swrroundiag wober

molecules, The agroameyi shows the axient Lo vhich the stabilizetion of the
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hydrate crystals mey be understood in terms of the van der Wsals intersctions
of the molecules.

The relation between the logarithm of the equilibrium pressure
(an Hg) of hydrate crystals and water (and also ice I) at 0° C and the mole
refraction of the molecules stabilizing the hydrate crystels is shown in
Figure &, left side. The energy of van der Waals attraction between the
wvater framework and the entrapped molecules is directly proportional to the
mole refraction of the entrapped molecules. Hence if no other interactions
affected the free energy of the hydrate crystals the paints for X5 3 H0
would lie on a straight line and those for X-1TH,0 on another straight line,
There is a gmeral concordance with this expectation, and the deviations are
reasonable. JYor exsmple, the molecules acetylene, ethylene, ethane increase
in sigze in this order, and it is likely that the van der Waals repulsion
between these molecules and the water molecules of their dodecahedral and
tetrakaidecahedral cages increases rapidly in this sequence in such a way as
1o decrease the stadility of the ethylsne hydrate crystal and still more that
of the ethane hydrste crystal, with corresponding increases in the equilibrium
partial pressures.

It 1is evident that the mechanism of narcosis cannot be sizmply the
formation in the brain of the hydrate microcrystals x-sgmmx-lmo
that we have bdeen discussing, becsuse these crystals would not be stable under
the conditions that lead to narcosis. ¥For exanmpls, methyl chloride is narcotic
for mammals at partial pressure about O.lbh atm, tempersture 37° C, but the
erystals of 1ts hydrate are not stable at 37° until the partial pressure reaches
Lo atm. In order to account for the formation of aicrocrystals of hydrates at
body temperature we must assume that soue stabilizing agent other than {he anes-
thetic agent 1s also operating. I think that it is likely that the other ste-
bilizing agents are side chains of protein molecules and solutes in the encepha-
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loniec fluid. It is known that substances resesbling the charged side chains

of proteins also intersct with water to form hydrate crystals with a structure
closely resexbling that of the hydrates of the anesthetic sgents. For exmple,
tetra~n-butyl emsoniun fluoride forms s hydrate with couposition (CuH,)4NF:32Ha0
and melting point 24.9° C. The crystals of this hydrete are tetragonal, with
edges a = 25.70 R and ¢ = 12.53 4, and with a structure that is believed to be
closely similar in character to that of xenon hydrate and the related hydrates
discussed above.

These crystals sod sinmilar crystals of letre-ji-amyl ammoniun salts
vere first made by Fovler, Losbenstein, Pall, and Kraus.'> The determinations
of the structure of these crystals and of related ones that they have prepared
([(B - CeBo)gBIF-20Hg0, [(1 - Colt11)N]F-306e0, [(n - CeBo)eP|oi0q EuHG0) arve
being carried out by Jeffrey and his coworkers.>

It is known thai two acesthetlc agenis can cooperate 4o increase the
stability of a hydrate frasework. For exawple, one stmosphere of xemon > in-
creages the decoposiiion texperature of the 17~-8 hydraie of chleoroforu by &
Little over 14.7° C. In the absence of xenon the crystal has the couposition
CICla"1TED and in 1ts presence CHClg 2Xe<lTHpO. The 17-A frasework forms ong
hexskaldecahedron and two dodecahedra per 1TH.0; the chloroform molecules aie
oo Large Lo enter the dodecshedra, which can, however, be occupied by abons
of xenom or oiher meall molecuies. Similar increases of 5° to 70° € in the
decaposition texperatures of 17-R hydrale crystels of CHClg, CHeCFpCl,
CHF=(Fy, CFCly, S¥g, and sowe other substances by one stmosphere of krypton,
HeS, or Hoe, as well as by xenon, have also been reported.. '’ The 17-
hydrete CBFglCHg *SHgS +1THR0 bocones stable in the presence of Hz5, wharess
1,i~dlflvoroecthane without other molecules forms a 12-1 hydrate.

We nay accordingly surmise that the stabilizing effect for hydrate
crysials ol anino aclids and other salule molecules in eacephalonic {luld and
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also of the alkyl ammoniws side chaing of lysyl residues and the alkyl csr-
boxylate ion side chains of agpertate and glutamate residues and perhsaps also
certain other side cheins of proteins could cperate effectively to stabllize
hydrate crystals at tempersiures not mach less than nixrumal body temperature,
perhaps about 25° C. The narcosis resulting from cooling of the brain, which
is observed to take place st about 27° € for hmman beings, would then, accord-
ing to our theory, be eplained as resulting from the formaiion of these hy-
drate erysials in the synapiic vegions of the brain and from the resultant
incraease in irpedance of the noural network and corregpoudingly decresscd
sncrgy of the electric osciliations. Mibernatlon auy similarly involve the
induciion of unconsclousness by formation of hydraie cerysials on decrease in
seperature.

The molecules of the snesthetic agent, when present, would occupy
some of the chambers in the hydrate crystal, with others occupled by the pro-
tein side cheimne and other groupe normally present in the braln, in such a way
28 o give aa increase in stability aof the microerysials such as to permit the:
to fornm at a Lespersture 10° or 15° C higher than that at which they are stable
in the absence of the snesthetlc agent. Through the foruation of these micro-
erysuals the conductance Of The network would be decreased, wlth e congseguenc
decrease in energy of the elmciric oscillations to a velue auch a8 Lo cause
uneowciouansss. On decrease oi“‘thc astivity of the anesthetic agemt in the
encephalonic fluids, as ellnination from the body takes place, the mlcroerystals
would zelt, the conductance of the synapses would be restored to its original
ieved; and consclousness would be regained.

The logarithm of the anesthetizing partial pressure (mm Hg) for miece
ie ghow as a funetion of the mole refraction of the non~hydrogen-booding snes-
thetic asgents in Figure b (right side). The points iie close to a curve that

rescuibles the curve for the eguilibrium partial pressure of the hydrate crystals,
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ghown sl the left. The relation between the anesthetizing pertial pressure
and the paxrtial pressure for the hydrate crystals at 0° C is shown in Pigure
93 the two pressures are proportional, with proportionality factar about 0.1k.
the factor 1.k (or 0.7), over a total pressure range of 000 (for the logaritha,
4 0.15 over a renge of 3.6).

This agreement provides some support for the proposed theory, but
not proof. Approximately the sane correlation would be found between the anes-
thetiging partial presaure of the non-hydrogen~-bonding sanesthetic agents and
any other property involving an ensrgy of intermolecular interection propor-
tional to the male refraction of the molecules. An exsple is the solubllity
in olive oil of the gaseous anesthetic agent at & standard pressure; another
is the ratio of the solubility in clive oil to that in water (the oll-water
distribution coefficient). The first depends largely on the energy of van der
Waals attraction of the anesthetic molecules by the oll molecules and the
second on the difference between this energy and the energy of attraction by
the waler molecules, and each is proportional to the mole refraction of the
anesthetic agent. These quantities are involved in the Meyer-Overton theory
ocfnamosd.a.m The thermodynemdc aetivitytbmwaf?mmmsi;bamd@m
the observed rough constency of the retio of anesthetising pertial pressure of
noo-hydrogen-bonding anesthetic sgents to the vapor pressure (thermodynamic
activity) of the pure liquid &t a standard tesmperature. This rough constancy
is of course to be expecied on any theory of anesthesia involving imtermolece
ular forces, since the vapor pressure of a liquid is deternmined by the forces
acting between 1ts nalecules.

The lipid theories of anesthesia seen to me to be less attrsctive
than the hydrate microerystal theory. MFirst, brain, like other tissues of
the mman body, consists largely of water: ebout 78 percemt, as copared



with about 12 percent 1ipids and 8 percent proteins. The water combains loms
and proteins with electrieally charged side chains snd is hence expected to be
largely involved in the electric oscillations that comstitute consciocusness;
the lipids probadbly function neinly as insulating paterials, and thelr elec-
trical properties are presunmedly changed only slightly by the presence of
nopolar solute molecules of the non-lydrogen-bonding anesthetic agents.
Moreover, the postulated changs in phase from liquid to hydrate microcrystal
with a correspondingly greet change in properties provides an explanation of
the large change in encephalonic activity caused by a small amownt of substance,
and there is no evidence to cause us to expect such a change in phase for the
lipids.

Anesthetic agexis that DNmetion by the stabilisatlon of hydruie
wierocrystals nay be dlvided into seversl claasses, deterzined by their sizes
and shopes.. Those of the first class nay be defined as having molecules
sufficlently sell to fit into o pentagomal dodecshedron formed by tweniy
hydrogen-bonded waler aolecules without serious van der Waals repulsion,
Thoae of the sscond elass include the larger molecules thet are able to it
into the hexagonal tetraksidecehedron withoul serious van der Waals hindrance.
Those of the third class are the stlll larger molecules that it into the hexa~
kaldecahedron without seriocus steric hindrance. The mwlecules of gther classes
might fit inteo larger chaubers in the hydrogen-bonded framevork; for exmmple,
the caplex ion tetra-p-butyl armonium lon probably fits into the cavity
Tormed by fowr contlguous tetraksidscshedrz sbout the tetrahedral position
between four dodecabedrz in the chlorine hydrate strueture, vith the eliming.
tion of the weter molecule zt this positiom, a8 found in the crystal structure
study of the trislkylsulfoniuz erystal carried out by Jeffrey and MoMallmn.l?
It seais likely that seversl kinds of nicrocrystale are formed in brain

tissue, and that they are variously stabdilized by anesthetic agents of the
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several classes. It might accordingly bDe expected that the agents of differemt
classes would act to some extent synergistically (and also to s extent com~
petitively, in that an agent of one class can ocoupy the larger polyhedra of
the succeeding classes, with, however, less stabilixing effect than for its
own polyhedron decsuse of the largsr values of the intermolecular distance).
Hence it may be suggested that a mixture of agents of the dodecahedral, tetro-
kaldecahedral, and hexakaidecahedral classes, such as (Fy, CFyCl (0o CFaBr),
and CPClg (or CPaCCIBra), would be & better anssthetic than any one substance.

It is not unlikely that nagoesium ion, Mg(OHe)s'", acts as en anes-
thetic agent by stabilizing hydrate microerystals. This ion with ite attached
water molecules would beccme s part of the hydrogen-bonded framework. Mole-
cules such as ethanol and tribromoethancl, (BrgCHL0H, mxy be expected to par-
ticipate in the fomalion of microcrystals of hydrates in such & way thai the
molacule becanes a pert of the hydrogen-bonded framework as well as exscuting
& space-fllling and van der Veals stabllising effect. Other hydrogem~bonde
forming narcotic sgents may sttach themselves by the formetion of lhydrogen
bonde o protedin molecules in a specific way so as to interfere specifically
with ceriain encephalonic proscsses. The study of these specifie effecis
vill require the detalled investigation of the proteinss and other substances
precent in brain and nerve tissue.
molacular theory of anesthesia may be odtained are suggested by the theory;
scae of then are being carried out in our laboratories. Btudies of erystalline
hydraic phases formed in the presence of snesthetic agenta, ioms, end protein
molecules or molecules and ions simdler to protein side chaing aight yield in-
teregting resulis.

The "iceberg” theory of lonle solutions’! and of hydretion of proteins'®
is closely related to the hydrate microcrystal theory of snesthesis; the only
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change suggested for these theories is that the ordered arvengenmemt of wber
molecules about the solute ions and protein side chalns hes one or another of
the clatlrate structures rather ithan the more compact lce-I structure.

The hydrate microerystal theory of amesthesia clearly suggests thet
the anesthetic agents should act on all tissuss, and not Just on braia and
nerve tissue. It wes pointed out nearly a century ago by Claude Bernard'® thai
“An anesthetic agent is not Just a special poison of the nervous gsysten; it
anogthesises a1l elements, all tissuss by mmibing thea, tesporsrily blocking
their irpitedility.” Many studies of the effects of anesthetic agents on
physiological processes other then thinking have been reported.-C

At present there is little informetion avellsble about the fractiom
of the agueous phase in the brein that is changed into hydrete microerysials
during snesthesia or ebout the dimemsions of the microerystals. Experiments
aow under wvay should provide some information. The resulis of density-grediendt
ultracesitrifuge studles of selutions of decxyribamucleic acid by Hearst end
Vinogred® indicate that at 25° C the mucleic acid ualecules have sbout 50
water molecules of hydretion per mweleotide residue et water sctivity near
ualty. This suggests that the micrvcrystals have linesr dimensions of about
mg(fwmmcmm,wm,twmmmmwmm—mmw
helix)}. A hydrate cube 30 & on edge contains sbout T50 water molecules.

Conclusion., The hydrate microcrystal theory of anesthesia by non-
hydrogen-bonding ageats differs from most earlier theories in that it involves
Pprimerily the intersction of the molecules of the anesthetic agent with water
molecules in the braln, rather than with molecules of lipids. The postulated
formation of hydrate microerystals similar in structure to known hydrate
crysials of chloroform, xencon, and other snesthetic agents as well as of the
substances related Lo protein side chalns, entrapping ions and electrically
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cherged side chains of protein molecules in suweh a way as to decrease the
energy of elsctric cecillations in the braln, provides a rational explanation
of the elfect of the anesthetic agents in cauging loss of comsciousness. The
striking correlation between the nereotising pertial pressure of the anesthetic
agents and the partial pressure necessary to cause forustion of hydrate crys-
tals provides some support for the proposed theory, but it is recognized that
@ty theory besed upon the van der Weals attraction of the molecules of the
anesthetic sgent for other molecules would show o sinilsr correlation, inssauch
as the energy of intermolecular attractiom is approximetely proportional to the
polarizsdility (mole refraction) of the molecules of the anesthetic sgent. The
propogsed theory is sulfisiently detalled to perrdt many predictions t¢ be made
gbaut the effect of anssthetic agents in changing the properiles of brain
“desue and other substences, cnd it should be possible Lo ecarry cul eperiienis
that will dlsprove the theory or provide substantiation for it.
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Beforences

L. A. Jeffress, Cerebral Mechanisme in Behavior, John Wiley and Sons, New
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Legands for Pigwes

Fig. 1. The structure of the 12-% hydrate crystals of small mole-
cules, such as xenon. The unit cube is about 12 A on edge. The hydrogen-
bonded fresework of water moleculss consists of 46 water molecules per unit
cube. Of these, there are two sets of 20 at the corners of pentagonal dodeca-
hedre, one sbout the corner of the cube and cne about the center of the cube.
8ix more water moleculas aid in holding the dodecehedra together by hydrogen
bonds. All hydrogen bonds, indicated by lines in the drawing, are about
2.76 A long, &8 in ordinary ice. There is room in each dodecahedyon for a asmall
molecule; a symbol suggesting e molecule of HeO or HyS is shown in the draaring.

Fig. 2. Another draswing of the structure of the 12-1 hydrate
crystals. One dodecahedron is showm in the upper center. Arcund it are tetra-
knidecahedra, which provide roon for somewhat larger molecules than can f1t i
vhe dodecahedra. There are six tetrakaidecahedrs and two dodecahedra per widt
cube.

Pig. 3. The hexskaidecashedron formed by 28 water molecules in the
17-3 hydrate crystals. The unit cube of these hydrate crystals, such as chlorse
foru xenon hydrate, CHClg+2Xe«17Hn0, contains 136 water molecules, which define
eight hexakaidecahedrs and 16 dodecahedra.

Fig. b. The left part of the figure shows values of the partial
Pressure of anesthetic egeuts in equilibrium with thelr hydrste crystals and
ardinary ice and water at 0° C, plotted against values of the mole refraction
(shown by the scale below). Circles correspond to the 12-A hydrate crystals
and squares to the 17-% hydrate crystals. The coposition of the 12-f hydrate
erysials is X-5 § He0 for the sualler molecules, which can occupy both dodeca~
hedre, and tetrakaldecshedra, and X7 § He0 for the larger ones (ethane, methyl
chloride), which ocoupy only the tetrakaidecahedra. The right side of the
figure gives the logarith: of the anesthetizing partiasl pressure for mice,
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