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Less than one hundred yearn ago Foul Bert discovered that oaqrgen at 

raised patooraes was Injurious to a vide range of organism* and* In a 

nuaber of experiment* conducted over several years, ho Investigated this 

and other probleres uhloh form the basis for what ha« subsequently 

beooae hi4£ft*»pceosure physiology. It seems however that the large 

amount of research which has been done In an attempt to understand 

feo nature of ojygon poisoning has touted to oo^fuoe the original slaple 

view of o-sy£on as a traivsrznl poison. A very large number of reactions 

which dtpond upoa ^1127^00 %E*O advereoly affected by vaiooA preaaureo of 

oxygen, ouffietent .Indeed to «sako it likely that t^ f ostt«ef of oxygen 

polaor.ii^r will not be found, In the eenee that no single critical reaction 

will be identified %» girlns rise to any one of the various toxic mani­ 

festations* Instead the Mtpbaelo mist be upon studying the way la 

which cellular *setabo1 Is* Is rr.cdlfiled and finally disrupted by raised 

pspeaeure* of oxygenf and la partionlar by trying to identity the rate- 

limiting »tep within ti>e oociploE of reaotions.

fhe pwsent war* ha* been trpoii one aspect of caygtit toxic!ty, 

ttiiGely the development of convulsions in ©loe nrhloh hsero bo«a exposed 

to raiBe.l prusatures of oxypen. fheoe experiments have boon based upon 

two hypethasesf t! is firet of these wa« th».t the dose-responao iwlstion- 

ship W9« related to the dyr^ic^ of the underlying bioohoaioal procea»o« 

and particularly, that the wite at which toxic sign* developed would bo 

determined by whichever reaction was rate-linlting. Attempts to 

correlate biochemical and p>iyslolo£ical Inforsiatlon have not so Ife*
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been possible ainoe there hare been no estimator available of the rat* 

at which toxicitgr develops She firat ta*k wa* therefore to cteflrsi a* 

accurately a* possible the do«o-r««poatu» relationship between th* ambient 

oxygen ffceaaiaee and the tin* taken fo* convulsions to appear, m& then, 

by dividlrc oach exposure Into two pwrtfif to attempt to  Mtxam Hit 

At which tosdcity develops,

flit   eottdt hypo^7e«i» wtui that the tiine to onnrmls!io2i» we* not 

imiquely cte'lerttined by ttie psartl&l p«?assure of oaygen inspired and 

iftmt ^ie ccmvrOsion tirae would be modified by "to praasnee of o'^iey 

resplrable ga*ea t "I ice it was thought tliat the nature of svwsii modi- 

fioations would give fuorther infonaation abo^t tiie iarocesa which leada 

to convulsions, the interactions betsnMRi oxygen aaad othtr gas©sf namely, 

Carbon Dloxld»f Kitroufl Oxide, ??itrocc?n and Helium tlier^foze fom th« 

 econd part of this work.

9h» first notable feature of oxygon coiwulsioriB in nio* wa» that 

at leaat t^o types of eormiiKict* wer« r»i6tir^ui.«hable. fhe firet tjrpe, 

referred to as minor conTulsiona, texsajed to occur ear3yf waa of ohort 

duration and was adnor in intensity, while toe eecom tended to occur 

later, was more prolonged and more violent rxx-, TOLE celled a aa^or oow^- 

uxsic4\« A few animaltf ehor«d chrcaiic rolling aovomonts after rtotively 

long expoisort'S*

Wjie second point of importation wac tliatf Tor any imrticular oxygen 

ja?e««ure t convr- * ^s in mioe wwe found to be distributed ia a akew 

manner. This could howwrer Tae cojwerted to a norraal distribution by a 

traiiafomation, ivhich also had the dealra^le feature that the
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atandard deriatiai of tht transformed resulte HIM indapondont of tho 

 am* unlike tho laitnoiofonoad data*

Considarattan of tho dood-*»*poaae curt* load to an ap nroximato 

relationship in which th* product of too ambient o^rgm pruetmre and 

tte MO* logaritSaiic convulsion tin* for that pAMwm mm found to b» 

tant. A aiailar rolatioaitiif mm also fount te doacribo «M

of ttinor oonvulsiona and too relatioa^Up botwoon minor 

and major o^milBioMi oxprvasod aa th» ratio ottnoom the olopee of 

tho »oapectiv» doaa-«goaponoo lines.

When an initial oxposttro, ahort of oonrulaions, wa« it^^odiatoly 

followwd %gr a n»oond ojtpoowt loading to eonrulaiona, «ttoh dividod 

exposureii «oxo found to bo additives that i«t tbo parta w»r* capable 

of o»ln« desoribod lay Ibo «wao fMtth»natieal relationship MI tho whole* 

The«« dividad oacposuroe also lead to H* OJtfiniticn of a proroked 

tfcoeothold whirfi for Bioo naa at tho pz«»mjr« of about 3 atm. of oxyg«H» 

atpcwrare to proocuarea above thi« tlnoshold ahortanod vobaa^oiit exposure a, 

«bilo ezpoatireo below the thronhold had no dotoetaMo effect upon aubao- 

quont expomaro**

Oth»r oxpovlffiOBtB u»ia« divided wtpoc\o?«a, in which th» tira» of 

tho first oxpoaur* mm varied, ware Interpreted aa showing that tho 

fliitii l««dliif to oonvulniona mm* m a first approitl®aticajf axpoawitial 

in fone and that ita rate mm proportloBsOL to tha «mbiotit ox^goa 

Estiaatwi for the iialf-tiffl* of thlo nrocoaa ot 3 atcj. «nd 4 atm. 

3$ aias. and 12 nina* roopoctively.

Tho first interaction to bo investigated mm that
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and carbon dioxide and the results obtained were found to be 

with the findings of Mmhall and Laabertsen (1961), ainoe carton dioxide 

at low levels hastened the onset of convaleioiw, although at Ki^i levels 

no sie^iifleant effoot could be fls»miiiitinii.ted« This would seem to be 

oensistent with the view that high carbon dioxide levels protect against 

convulsions and wuld point to a cross-over point at about 7 ateu of 

oxygen for carbon dioxide levels of 0.03-0.07 atau

Similar results were obtained for nitrogen* these tow gases, carbon 

dleftlda and nitaoosM eoth changed ths slops sod tbe intercept of the 

doee-reaponee line as is shown dia^rainmatiomlly in Figure 17, While 

th> aechanieiB of action is not Vxiown it is speculated that both $ay lead 

to ehangca in intracollular pil. at lower conocntraUona, while at

the anaesthetic properties of ths** gases may

$he evidence obtained from the interaction with nitrous oxide 

»d to show that more than one type of interaction was possible, eirce 

this gas altered the slope of the c!oac*reeponee line, 0*54 atra« of ;??0 

g«ve a narked protection against convulsions, but did not appreciably 

alter the inteaeept*

Helium was found to produce a marked acceleration in the onset of 

oxygen convulsions, bat no evidence was found for any comrulaant action 

of huliw itaelf, since mipra-liia&ial oxygen preesuree were necessary 

in order to fshow the effects of vellum, *»* magnitude of the effect, 

£i»J0ftd by the change in elope of the dose-response tSae, was proportional 

to tt» helium partial pressure) hence the possibility has been considered 

that this effeet was due net to soy physiological action of cliisa, but 

rattier to the effects of pressure f per se 1 *
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21* slsaificaaoe of the threehold, i.e. the minimum offeoti*0 

pressure to produce convulsions and the minimum response time, ha0 boon 

discussed. Two possible moofaaalsm* to account for tha threshold were 

considered. The first of these depends upon the fact that the tissue 

oxygen consumption tends to keep the tissue 0999011 tension within nomal 

linlts until the total quantity of oxygon supplied exceeds the quantity 

being consumed. The second possibility which was considered was that 

of a competing reoorery prooooo which removed oono product of the con­ 

vulsion-producing reaction at a rate different fro* that at which it was 

produced. While on balance tea first explanation was thou&it more 

likely, recovery undoubtedly does occur, and both raay therefore bo 

involved*

Boftarding the minimum response time, this was thought to be a simple 

oonsequonoe of the rate of the process to connilaionB reaohing a 

value > althou^i the reason for thia is not obrious, it was su£ge0to4 

that it ni^it bo a»s to the progressive inactivation of enayraes 

at preaoure.

ConBideratioa of the possible sites of action of oxygon in producing 

oonvulaions may porhapo bo p»oaataMt sinoo it is uncertain whether the 

convulsions represent a generalised reaction of brain tissue or whether 

there are particularly sensitive areas on the basal ganglia frcw which 

the convulsions originate. It was thought howevor that there 9941 suf­ 

ficient evidence to show that oxygen acts by disturbing cellular oxidatbn* 

to make the choice of the mitochondrion, as tho sits of action, not un­ 

likely. Using the previous assumption and available data, an estiaato



H* sismificaaee of ths threshold* i.e. th« nimiawn effective 

pressure to produce convulsions and ths ninimun response tine, has besn 

discussed. Two possible neehanlsfts to account for tiie threshold were 

sonsidered, Tho first of thase depends upon ths fact that ths tissue 

oxygen consumption tends to keep the tissue oxygen tension within noflsal 

limits until the total quantity of oxygen supplied exceeds the quantity 

being consumed. Ths second possibility which was considered was that 

of a competing recovery process whioh removed see* product of the ooa«* 

vulsion-produoing reaction at a rats different fro* that at which it was 

produoed* While on balance the first explanation was thou&it aors 

Ukaly, reeorery undoubtedly does occur, and both may therefore be 

involved,

Begarding the Binlawni response time, tMs was thought to be a simple 

oonsequeaos of the rate of the proeess to convulsions reaching a ns.¥l«sji 

value| although the reasen for this is not obvious, it woe auggpated 

that it alght be das to tha progressive inactivation of ©nzyaea by oxygen 

at pcKessttre*

Consid«ration of the possible sites of action of oxygen in producing 

convulsions nay perhaps be p*eaatoref since It is uncertain whether the 

convulsions represent a generalised roaotion of brain tissue or whether 

thsxe ave particularly eansltive aroas on the basal ganglia from whioh 

the convulsions originate* It was) thought however that there was suf­ 

ficient evidena* to show that oxygen ants by disturbing cellular oxidation* 

to nsJcs the choice of the aitoohondriont as the sits of action, not un­ 

likely. Using the previous assmptioo and available data, an estinate
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of the toxic level of oaygen in the toain of ffiaii aa being 

of the order of 40-35 R*ln* %« at tba mitochondria, or 7^*100 alia. Hg, 

in the vonou» blood*

It wae aho«m that to* doee-*e»i>onee curve wight be interpreted 

resulting fron a prooeae leading to oonvulaioiis. It waa ftirther

that tola bypot tetical prooeoe to convulsions represented the 

step of a cyclic or c ain reaction Livolved in

oxidations and that the kiiieiios of thia proocaa mi^ht ,^ip to iJ.cn tify 

tb» oite or si tea at whioh oxygwa iictu to produce convulsions.

fbt existence of iiittractioiLa betfreen oxyg^ and other ^aurni has

ooalioiied and it ha& beexi siuggeisted that tii@^ interactions s&&
^P^B* ^F

iaterforeno« with tia«» oxidations oitiiar at the ftaa* oites

a» thoae involved in oa/gea toxioity or at adjaodnt site*. The evidence 

that thftrc were two principal snxies of interaction, the fire* 

by the anaaatlietio gaaee and the aecondl ty the £otiaa of

hslitaa, althouifc altsratioiui in i-ntra-cellulax pB« may alao b© of sone
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The disoovsz? of the toxic nature of oxygtn at pressure* greater 

than normal was aade by Paul Bart and published in his book "La 

Barcawtrique" in 1878. The extensive etudiee which this book contains 

ahtfwod that not only birds and dogs bat other assmla, froge, lizards* 

 any invertebrates and plants and 'fsraftnts 9 were all in soraa way 

to this new poison*

Psvhaps ths aost issjazfeabls of Bart'a finding* was ths way in whisn 

03tyg«n at raised prcs«ta»8 prodaoad oonvuleions in his exp«rire«ntal 

animals, convulsions which h« oharaotsrlsod as bsina; ftJailar to thosa 

by phenol or atryohnin*. As a result of his obeermtiona hs

his irisws In a Report to tt» Aoadony of Solsness whloh hs 

in !%bru*ry 1673  

**!  Oatyflen aot« like a poison which is rapidly fatal, when Its quantity 

ia the ania»l (arterial) blood rises to about 35 cubic oentiaetrsa/ 

ICO cubic oentlaetree of liquid.

2. The poisoning is characterised by oomrulslons which according to 

the intensity of the ayrcptoma represent itoo different types of 

tetanue, atrychnine, i^jenol, epilepsy, eto. 

3* fhsss «yjBpto«sef which are quieted by chlorofora, are due to an

exaggeration of ths axcito-motor power of ths spinal oord. 

4* They are accompanied by a eonsiderabls and constant drop of ths 

body temperature,*
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ffeia raMMuey, which ai«ht alaeat be taken to apply to more recent 

9 In vivo* experiments in a number of apeciee, doe* not Include the 

broader view which Bert axpreaeed aa to the relationahip between oxygen 

convulsion* and the nore general affeota of oxygen toxicity. Starting 

fron the preaiae that 'ordinary ataoepherio preeaure1 represented the 

optiama- condition for healthy animal a Bert expected pressure* abort 

thie to be generally harmful and therefore interpreted the convulsion* 

eean in hi^aar aaimala as a special phenomenon, which maaked the preeiaed 

general effecta*

P. $42 "** conclude ten these data that the death of higher anijiale 

in coopreseed oxygen, although Ita inraediate oeuae la the super-«xcitation 

of the central nervoaa eyatan, aa we have dasonatreited, it really due to 

a general effect of the oxygen upon the whole organiea* Bat the nervoua 

 leaenta, which are move aaaca-ptible react firat» disturb the vital 

mechaniame, ao that death occurs before the other element* are noticeably 

affected*"

In aaamary, Bert'a achiereaent waa coneiderable. 

1. He ahowed that a wry wide zonal of org«iiaR« waa effected %gr raiaed

oxygen preeeurea* 

2« He recogniaed the dependence of the toxic effect* of oxygen upon

both fgeetmre and tiae and defined a limit in teraa of arterial

oxygen levels and ambient pveauurea below which these effecta did

not appear* 

3* 8» ahowed that aether and chloroform protected against oonvulaiona

aa did aection of the relevant motor nerve for the nuaolee supplied

by it.
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4* Be oosffertted tea anaeathetic properties of oajefcon dioxide to

attention of surgeons, bat sees* wrongly to have discounted tea 

effects of the high levels of carbon dioxide in his experla0nt8t 

an aspect discussed by USSR (1945)*

9« Aa a result of oonpsxing tt* effects of exposures to oxygen and to 

pressures of air wlte an equivalent oxygen pressure, Bert wa* of 

the opinion that tea only factor Involved in producing tha toxic 

effects seen was the pressure of the oxygen*

Aa a result of a aeries of experiments upon the attenuation of 

microbes by oxygen at high pressure, J. Lorrftln Smith (182$) observed 

that oxygen at a tension of more than 1 afeu produced pnatssonla la noraal 

aai»ala« He confixs?**! that a range of anlrals Including pigeons, rats, 

aioe and guljnea-pigs responded aa had those in tha studies reported by 

Bert* However, his interest In the respiratory system led him to believe 

teat the lungs would be affected by oxygen, since oxyeen had to paaa 

through tea lungs in order to reach the nervous system. Fost-»ortesi 

studies Indeed showed an inflammatory reaction of tea Itange* Sadth's 

interpretation of ttU,a see** to have bean coloured by the view which he 

aaA J* 3. Haldsne at teat time held, that respiration in tea lung Involved 

the active physiological proooss of abeorption of oxygen* Be describes 

inflaarafctioa aa "in a sense directly continuous with the noraal process 

of respiration11 and offered the following explanation for tee toxie 

offecta of oxygen.
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* ... oxygen which at the tension of the aiaosphare stimulates tha luttg 

aalls to active absorption at a higher tension acts aa an irritant, or 

pathological stimulant and produces inflamnation. "

Both the oonvalsiv* effect of oxygen and its effect upon the lm& 

of sxperimental animals have beaa amply oonfizaad by a large auober of 

worker*, as can be eeen from the exteneire review of ^a affeota of oxygen 

at increased preeewa publiehad \ty Bean (1943)* 

CTFIaffiE'S 0? OXTCSSK 131

tba seaond world war acted aa a considerable etiimilus to reaoaroh 

into o^rgantpaJLoitsr largely aa a result of the offensive use of divers 

breathing oa^sfiB from closed-circuit breathing apparatus. The most 

extensive series of human exposure* to raised pressures of oxygen was 

11 ne'ertiiksri by voluntears free ilia Royal Navy, the results being published 

after the war by Donald (194?)*

Ala study showed that men also developed apilaptiform convulsions, 

associated with electro <enoephalogrijhic ohanaaaff which seemed vary 

similar to those aaan in aniaals. However, -^ere were aspects of consi­ 

derable practical importance for whicii there seeoad no obvious explanation, 

firstly, exposuapoa made in a divine-suit in water were more dangerous than 

similar expoawaa mads in a dry chamber. Secondly, the toxic effects of 

oxygen ware potentiated by «ork and by alterations In the ambient  temper­ 

ature. The most quoted finding hwansi was the axtvaaa variability of 

the results, the range between the meat susceptible and the most resiatant 

individual waa extremely wide and the day-to-day variation in susoeptl*
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bility la a mln&* individual considerable. The tmf*odietaUlity of 

the offeeta in man of roiaed osyeen pr**wire« w*» tliou^it to fee 

to aako diving on |»*e oxygon below 25 ft. (P02 = 1.7 atm.) «»»

Ihere In a significant sffeot of oxygon upon tho lmagst altho%j«h thie 

is tumally los« «awr« than that obeervod in «niaalo« This affect has 

recently Ijoon studied by dark m& Laabtrtowi (19^6) who obeerrad mrroa 

nomal tgon oxpoood to 2 ate. oxygwa pr*saure for froa 8 to 12 hours. 

Aft»r about & hours th* mib.^cta shov»d progressively 9®*&c* pulnionary 

teHl1»tion and eotafiiin^ ooaststent with th» ^tevelopaoiit of a traohto- 

bronchitis. It has been BQggostod that one of the eisnplsst «od isoat 

praetioablo wsys of detecting early pul»onazy dasaags is by looking for 

al.terationa in vital capacity, »inoe suoh alt«rationa occur in conjunction 

with Hie developnent of spiptoo« Clark and La&barteoti (1967).

of th* principal ef feeta of osryetn ia upo& the o*r*b*al va»oulflture 

vbore it prodncea a marked vaao-cnruttriotion. B«i» (1945) (1961). The 

rotiitao of jweaatare infants soom particultLrly liable to injury loading 

to «» condition of rotrolom^l fibroplaeia, Bats

Concurrent with the w*fk of Bonald exp«rii»nt« by Dlokena

and quaatcl (194^) and by Stadie Ri/rge and run^aard (1945) »how»d tl>at

of the entyu* »y«t«a» which thoy studied were MMiUfO to ti» 

aotioa of oxygen, partioularly thoeo which contained eulphydryl group*.



work in this f i*ld we* revl«r«d by Stadii «t al (1944) and bam 

been brought up to date by llauga&rd (19<^)» 

Bickana (1^62) ha» pointed out tfcat 133* ti&e-Cdurae of tb§ develop- 

Wttt of convttlBion* i» noisaaXljr aeasurod in aixaite*! w!i»*aa» 1S» fall in 

th» respiration rata of rat \ff«dn eliesrti or liver hoi»g«9»t(e8» as*d fc£ -^ 

of

howevar which ara sufliciently rapid to b» involved in the 

of convulsion*. J«vnJ»fKm and Chanea (19^) Rhow^d tiiat oxygrm at 5

and at 12 atfe. ptrodudtd oxidation of cyto«tooo« e and eytoohroo* a and

Mwm ^»'^w IF or ft w ^r4« ****• l^ftjil *wut •.In. A ««*^^ •«• •*-*» ^^ ^^ */«*• - - -•• .^^ -^ ^ - ^jf

lov«ri;^ tli« pJi ajxd was aooo^penied by & fall in tl& rc^pii^tory ra-te of 

fidtoohondria* At 12. atjs. ths oxidation of oytoehr^^ o

or lass oc^nplete in about 30 minutes» tJaing rat liver and 

hftaxt mitooUondria Char*o« JgmiiMfton end Colas (15^5) hftv» sl^own that 

«ur«s of 2-3 atm* gave rise to readily deteetabld ch^mgen in th» ste&Sy 

st^te level of reduced pyrldir$« nuoleotide tcvrards a eta,t« of ^r^a-Ur 

oxidation* Th«!^ ol^G^fts ««tr« reversible in pigocft ho&rt irdtochcndria 

"but «aly partly so in rat livar B.itoo!ie*^3iii£. An an indication cf 

re.pidtty of »oa» of

particles at 23°C aho«»d apprcoi^tely 50>C inhibition of the rate of

reduction of i^^ridi-ie nuclcotide by an «zposur@ of ^D 3«oo&(ifi at 12 atou

The«» author* conclvyled that uiulor hyj)orMric conditicarui ther« 

a ohanfft in the steady state of reduced pyrldina nuoleotidft which 

by oormilsive activity ajod surest that th» interval of tig* 

thos« %vo ev»nt« nay be du« to an alteration in tha level of

related to «» f»tttboli«i of
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«*td (G.A.B.A.)*

oud and atson (1^62) in^octod rats intra-peritomally with GAB& 

thirty minutes before expoaux* to 75 p»s,i* of oxygen (POg - 6«1 afca.)* 

Sfes? were able to shew a aignif leant reduction, both in th» mftsr of 

deaths and in the number and severity of oorwulsioRS in those aaiiaals 

which had r«cciv«d GAB4 oorapared with th» control aaimala injected with 

aalin». Wood and ataon (1963) alae found a tail in GA3A Ievel3 in thd 

in r*ta vhioh iiad b©«n convulsed with oxygen. They wa«g»st«d that 

CABA a«tad by raising the lw»l of OABA in thft brain and 

specific but conjectural function. A similar sug^estion 

put forward by Paton (1%7) that oonvulaioria may oocur as a result 

of disturbing the balsno* botv.««n glutaadio acid, which api*ars to be

and gnnwii iinifini>butyrlo acid which is aoitant to central »

aant* Convulsioaa ai^it thua b» «icpect»d to occur whon tbft

ha* fallen sufficiently for the nreveua syst«a to rwepond to

 ff«ot of glutanio acid.

of GABA

«atcitato«y

A nunber of studies support the view that oarboa dioxide acoelerates 

tho oamit of oormilaioiis, for axaraple, Marshall and Laaabort««i (1961) 

fstiiCl in «ic« that whila this was so for lower partial preaeuaMi of oarbon 

dio3cid»t at h!0»r ppiaaaras there was sowe protective action.

An indication that the inter-action of oarbon dioxldo with the effsots 

of oxygwn may not b» eimpl* is the finding of Hsmptansa (1956) that prior 

of rats to 15f oagr^sn in th« prewnoo of ^ earbon dioxide or



to 0£ MKfccn dioxite tritti normal oaygen l4Pfal», ; at* 

prolor* i of convulfiion tints vpon n\ibsc^u«nt txposure to pare oxygen 

at jreeatire. Thaaa flndin.ro art supportad lay those of 7/rltoax (l£6l) 

ahowad that sice adapted to living in 10~2Cf1 carbon dioxide convulsed 

latar them control anisals *bftn subsaqtamtly tested at 6 at i, with puz*

Tho irtjortftninc of corxvulslon tlia* whan CC^ is *3d»d to 

is at leaei: partly di«> to tha vascralar eff«ots of 

which nere s+udiad l# Laro'bftrtse:!, Ko\^ht C^op^r, tawlt lo^scSicke 

 ttttidt (1953) sat tgftia t^r I«atjart^nt I^ie^, Hough, Gould acd 3 

(1955) i» "*e?i« Tfee»e studies showed & 15T^ dece^«»o in O4irel»eal blood 

flow when oxygen Iwwithing at 1 atr^. and a change fi?oa noisial lewis 

about 1,000 sen. %. in the &vfcrage carobrel -Teasous H5g upon 

d.io5tid* In ui^^cn at 3*5

That the effect of carbon dioxide is Jiot ixnchftjpe entix^ly du» to its 

blood v^seels is indicated by tt& exparifiMnte of iilliams soft 

Baeehar (1944) ^feo fouood that crj»bon dicxida also onlianoas && action of

upon Droaophila*

A protfcotiw effect of trie (ly&raacr e^thyl) actlno tsatham (®Mir) *** 

in mioo by Smiger I5ahas Goldbsr^ «&d AUaaio (1961) and tha 

possible node of aeticsa of fEAM discusaad by laha* (1965). While tb» 

administration of UH&M prod\»ee^ a sS^paifiaaat fall in oaQng«Ek uptatea ia 

mioa, Hahaa itttarpssa'ted fe» affaota of THAI? as being priisaxily a fmotion 

of wita antacid, basic property" f ^lich «a^aate that ths affect of 

dioxida upon oays®ti oonw.laiona may be to soiaa extent d^e to altc 

in intracellular



- 9 -

the ebeervntiona of Sort mm** thara la conaiderable evidanoe 

for tha protective effect of anaeathotioa against egygfta convulsions. 

Ala la porhaj* * vienaner ainoo what la aeant la a dalay in or abolition 

of corrrulniooa tea to the jgeeenee of an anaesthetic agent. That thia 

effect oan scarcely be thought of aa peeoteotlva la suggested IB/ tha oboorr- 

ationa of Van Ban AMU and Jaalaaon (IS62) (1964) th*t the residual brain 

aoon in mta aftar expoaaco to oxygwi waa inoroaa^. by a Tarlotgr of 

ithetioa including ITitroua Oxlda and pentobarbital. Pra*treataaat 

of atiao ozpoaod to raiaod froaaoroa of oxygan with a barbiturate reaultod 

in voaidoal brain dama^o, whilo no aneh danago waa aaan in tha abaonoe of

wulaiooalTha R^ahaniBB by which anaaathetica roduo* or abolish oxygan OOT 

la not known bat etodioa bjr Boon and Zoo (1965) vaing aodiuai pontobarbital 

and c - ohloraloaa in paropylona glyool ahovod ft ssarfcod offoot both a^aiaat 

a«enral8iona and pulieooaxy daa»0a»

A aladlar protectif« offoot waa aeon af tar adadniatratiao of dinltro- 

 nanol or L-thyrantoa. The anthora oonol«d»d that tha protectiTa action 

aoon waa not tea to a general depeeasion of metabollcn. fhay alao 

m$ajaatod that ilia aasoeiatlon of coovuleiona and pulaonary dosage ^uattfied 

inferenoe «>at thaao offaota were related and that "central and neuro-

factors" may be involved in the production of puljwnary 

iaaplicit aaaaaptlon hare aooam to ba that anaoathatioa only 

oontrally*

in a later paper Bean Zee and Thai (1966) reported that
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pulmonary onangaa, eiMilar to thoae aeon after oxpoaare to oxygon, oould 

bo Indacod In rat» \& eonvulaaata euoh so aatsaaol and plcrotoxin* 

JMttathotioa whioh pasawaotad the eammleion alao protected againat ling 

laaagi, while curare did not prevent lung daaago but Abolished control aior* 

 nd  ajnapa.tholytio or irctt^pinephrino' 4*flf» j«O¥mtod th» tag dMM0» 

but not th» oonvul«ion». This erldenoo  tag^agthtna the viow ttiftt awto-

» ondoorlni faotora »ay bo partly vooporwiblo for th« palaion«a?y

 *«& during  xpomum to raioed p*»*etir*o of

nutritional «cd ondoorino etate of an anisal d»t»XBin«« 

to SOIBO oottont it* reaction to oiygwi at pttoaaof** Caispboll (1937) 

aiHMMd that tft*x« VM a fall in tho body tmpogaitnro of rata oxpooed to 

oxygon At aabiaitt tOHporatmreti below 33°C. If thin fall wa» pareyentod 

bf naintainint Hit anina at 33°C then upon 9x90*10* to 6 atau of oxygon 

for 30 minute*, followed by deooapreasion in 20 alrmteof there were rarely 

any mrvivovftf while expoaiure at 24°C rarely led to any dea«». Caapbell 

alao triad tho effect* of a mnber of mibatancoa - inoludin^ tftyrcodn, 

dinitroyhaiiol, posterior lobe pituitary extract and insulin, with neg^tiv* 

reeultJi. A definite protective effeet mm, however, obtoinod a« * result 

of thyroidaotany*

tba ooHTorae t thftt in the affoota of hyperthyroid Bta.taat wm* atudied 

ty Croeonan and Penrod (1949) who found that the survival rate of rate at 

5*5 ftt»* waa loaa in antoals zooaiving thyroid powder than in untreattd 

or thoao treated with poeofyl-thiouraoll* 

and Johnaon (1952) vaowod that hypophyBeotassy ia rata eonferrod
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  signlfleant degree of protection against oxygen at pressure | the role 

of "the ooeblned hypophy»eal-*dreno-cortlcal and the aympatho-edwiCH-

 edullary 'defenee* s*oh*nis»s% In the reaction to oxygen at increase* 

pressure has been discussed by Baan (1955) (1965)» 

ff on* toxic gases

There are a nwber of non-toxic gases which produce anaaethesla, but 

which have been oonaidered either chemically or physiologically inert* 

Sinoe It ie possible to demonctrato their affects upon biological aystesft 

It eeeae preferable not to refer to them a* Inert gases, nor to their 

effeota ae inerVgaa narcosia*

These non-toxic gaaee include Hitroua Oxide, Kitrog»n, the noble 

gaa*8 (H01iuin f Ifeon, Argon, krypton and Xenon) various hydro-carbona and 

halogeaftted hydro-carbons, sulplrur hexafluorida and Hydrogen. ^e anaee- 

th«tic pr«8:mres for A large nowber of these gaaea ha^re been tabulated by 

Miller Paton and Salth (1^5) (1^7). tith ragaard to %drogen, Helltai 

and Neon there is aofae doubt ae to whether these gaaea show aaanethetlo 

effects* Sxperli^ntfi by Miller Baton Street© and Ssdlfo (1^7) showed 

that the Italian Sewt friturns became unresponsive at betwaen 165*245 a-fcm. 

whether -fee pr*aattr» was achieved with Keen, Bell-on or hydrostatic 

Brai^r, Johnsen, Peaottl and Redding (1$££) observed ecnvulsloas In

 onkeyff exposed to seas 50 atm. at an oxygen partial pr©8mirc of about 

1 ata., the seiaainder beine either Hydrogen and Hellta. Clear Electro- 

enceplsalcgrftphlo evidence of anaestheaia was obtfdwd with Hltrog«m at 

28 ateu bat not with either Hydrogen or Helium at pcesgures as high as 

110 atau
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A nwaber of interesting interaction* between CBffsa and oth»r g**es 

have been reported by Fenti (19^5). In studying the survival Us* of 

fruit-fliea (Drosoffcila), it was found that the addition of SOBS 500 p.a.i. 

of Nitrogen (HL m 34 ate.) reduced the survival time for all oxygen pr*a- 

euret b«low about 5«5 ate* Similar results were also obtained with Argon 

and a few  zpsrinanta with Heliua sagflsstad that this might also interact 

with osygsfi*

Ths growth rate of KtWMqMKra crasaa was stodlsd by Sohr«iner Gregoirs 

and Lawrie (1962) in the presence of 0*95 ate* of various non-toxic gases - 

sad 0*05 atsu of oxygen. The growth rats was found to be uajekedly reduce* 

by All ths gasss studied and in an extension of this ^ork Buchheit Sohreiner 

aad Doebblsr (1966) gave tl.e partial pressures of non-toxic gases required 

f«r 50^ inhibition of growth in &euro&pora as Xe (0*6 atei*} Kr (1*6 attt*) 

Ar (3.8 ate*) Ne (33 ate.) sad Helium (ca 300 ate*). It is interesting 

to note that all these gases deprefcoed tlae growth rate tier® than Nitrogen, 

that is to say eoapared with their anaeethietic effects there is a reversal 

of ranking between Nitrogen sod ffeon and between Kitrogen and Helium, 

although within ths Helium group of gases ths effect was found to b« 

proportional to ths logarithms of ths polarisabilitiw and ionitation 

potentials of thfc gases*
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Aim f2MHBAt

(Any departure froa the general methods described below haa ba*n out* 

llnad in tha relevant Motion under tha heading of Method)«

(a) Low-pregsure chamber (4.7 litra* intarnal voltaw).

This ehaabar eonaiatad of a vertical cylinder of tparapaxf 14 

internal dlaaeter and 31 e*a* long daalgnad for * maxima* working praamira 

of four ataoapharca* Tha anda wara of stainlesa-etaal aaating by 0-ringa 

and bald in plaoa by tiaroda and wing-nuts, tha upper end-plate bearing 

the Inlet, exhauat and aafaty rmlrao and electrical oonnaotiona*

(b) Midiia^pgaa8ure ohattbar (13»6 litraa intamal volu»a).

A horiwmtal aild-atael cylindrical ohaabar daal^nad for a 

working preasura of 10 atawapheraa, of internal diarniaiona 18*4 

intarnal diaaatar and 51*3 ma* l«ng* Tha chaiebar waa fitted with a 

avail inward-opening door at ona and and a circular 'parspax1 window at 

the other with a long 'parapax* window on tha top* Other fittings wara 

Inlet, exhauet and aafaty mlrta and a tazminal block for electrical con­ 

nections, 

(o) High-preasure q^aaAar (2*6 litrea intarnal Tolwsa)

A horizontal raild-eteel ohanbar deeigned for a maxiamfi working 

preatore of 136 ataoapherea, TThieh waa 25*4 o^8« long and 11.4 o»». 

intarnal diaaeter. Both and* wara threaded intarnally, each taking a 

haavy plug which aealed upon an Orin^j ona) was luaad aa a door and tha 

other contained a vary avail *parapaz* plu« which waa uaad for lighting 

tha inaide of tha chamber. 1h* upper surface had two airailar pluga
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which could be used an window* with a rather limited fi«ld of view. 

Other facilities were stellar to the chamber* previously

A variety of Bourdon typo pvessucs gauges was uaed, fhsse gaugs* 

oalibrated by ^r« *  *  ^att of the Royal Faval Tfiyslologloal 

Laboratory using an air-balanoe type of dead-load tester. After 

calibration all gauges wore accurate within l£ of the indicated pcesmiw 

re-calibmtion was only considered ososs^ary if a fiauge was dropped or 

otherwise damaged, bat occasional chooks were made against a meroasy 

oolttnn for preseuros up to about 4«5 atra., or of ons gau^s against 

another for hirher pressure*. In ths majority of experiments at least 

two £spa$ss wore used for pressure aeasnre&snta, one for the lower 

and anothor which covered the iffeols presmzre«*range for which the chamber

In order to confine the aninals to a position from which they oould 

be seen throu^iout the exposure and also to provide as far as possible a 

uniform environment, small wetal cages wer* used. These oonsieted of 

circular mstal boxsa 8.5 ocs. in diameter and 3 cans, deep, A wall of 

perforated alno shsct extended upwards for 2*5 cos. and was toppsd by a 

 perspez* lid which was held in plaos by three rubber-bands, ffae total 

internal volume of each cage was 0*3 litres and the 4 m* dlaaettr holes 

in ths psrforatsd zinc represstiisd appeoadUmtely 10^ of the total surfaos 

area of the cage*
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E*i*a4ae&ta mm at first carried out at ambient temperature until 

it betas* obvious that the animals were frequently too cold, since their 

tails appeared blue and they occasionally showed shivering* As a result 

it was decided to heat the chambers with hot-water. 2aoh chamber was 

wrapped round with a rubber tube which was then lagged with cotton-wool 

on the outside* The tube was connected to a reservoir of water contain­ 

ing a heater and thSTttostat, the heated water was circulated through, the 

system by a pump. Hhe ambient temperature selected, a wall tsaperature 

of 30°C was intended to provide an environment in the region of the 

neutral temperature eone for ffiioe, Paton and Spsden (1965)? tha need 

for such control of the ambient temperature was effiphaslasd by the fincling 

of Fertwee (personal cosEcunication) that oxygen pressures nbove 3 ataios* 

pheres pro^^oced liypothermia in mice.

Oxygen of industrial grade that is not less tJian 99  5^ oxygen, was 

supplied in 1*5 ou« ft. cylinfless ohaatsd to 2,500 p*s.i. This grade of 

gas is quite satisfactory for such experiments differing from aedioal or 

diving grade* nadnly in its soistore content.

|ygss|fr spd eag^pn rlioxide mixturas were supplied in cylinders contain­ 

ing 120 cu. ft* by British Onygen Oatpany special gases departir.ent to tha 

specification 0.59& £ 0.13 carbon dioxide in oxygen sod 1.0^ ^ 0.13 carbon 

dioxide in oxygen*

JgiUSfr Pore mineral Helium to the specifications Of the U.S* 

Bureau of Mines i.e. 99«995# pace of which the principal impurities were
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 ad Hitroesn, we* supplied In 1.5 ou. ft. cylinders charged to

2,500 p*a*i*

litrogen. So-called 'white-spot* o*ygen*f*«e Nitrogen wan supplied

in 1.5 cu. ft. cylinder* charged to 2,5^0 p.s.i.

llitrous oxide to the British Fharaaoopaei* standard of purity wa» 

supplied in cylinders containing 400 gallons.

All erase* wers supplied by the British Oxygen Co»pany.

Six-week old male white sd.ce of the Tusk Uo. 1. strain weighing 

between 25 and 35 £X&m* were taeed for all animal exposures. Aniaal* 

arrived by rail, in batches of 50, early in the week, and were not used 

\intil the following day. 'vhere possible eaoh group of treatroeDts in an 

experiment was carried out using the eaaie batch of mioe t how«Yer9 a cocs- 

plete Latin sqoaxe of treats0nte aeight need three or four different batohes*

The number of aai«als ueed to produce any result was fpradually in- 

oreai»d as a result of experience. 3arly exposures were made wifh groups 

of ten* i.owQvar, it was aoon found that for «i{nifioant differences between 

groups to be demonstrated a minimw of twelve, but preferably fifteen to 

ei^iteen results were needed,

At the end of each experiment the animals ware killed either by 

and breaking the rteokf ox by an overdose of aether.

The first step in producing the desired ataosp; eric composition is 

to flush out the air froa the chamber. It is usual to remove this air



peseine * current of g*e throu^i the ehaaber betsaen the inlet 

exhaast valves* The design of many ohsaber? i«9 however, such that a 

large proportion of the gas within the chamber may be laf t unstirred, 

leading to considerable contamination of tha atmosphere with tha air 

originally pretwmt. In order to avoid thie a method was devised which 

involved tha wtpanuion of eny sequaetared gaa which it waa hoped would 

iajarovt th* mixing of gaaas and hence the efficiency of the flushing

dilution

The air present in the patjeastorc ohamher at the beginning of

was removed by diluting it with oxygen. The oxygen waa added 

until a pr»-detenBinaa flushing pressure was reached and the mixture then

to the ataeephere. Thia process waa repeated in a serial 

r whiehy on the aamscptlon that Kixing was cosplete between tha 

gas added and the gas already in the chamber, should give an exponential 

approach to 100' oxygtn according to the following

oxygen * 10® (1 *

Where P * Hushing pressure (ataoepheres absolute)

n * the number of complete flushes

To check the validity of this method of flushing, measurements were 

SBde using a Bectaaim B*2 paraaagnetic oxygen analyser* The analyser was 

first calibrated with pore Nitrogen, air and ya» oxygen, using the scale 

narked in HBB* of mercury, and a Fortin barooeter.

The POg of tbt exhaust gas was sjaasured after expansion to 1
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atjsftsphere, following each dilution, sad thrse sets of swaawsasnts

for each ohsjtbsr. Tha s*an values for to* first and subs** 

dilution* bars been plottad against the oorraspondlng thsorstio&l 

values in Fig. 1 which show* satisfactory aggssasnt between the observed 

and the oalculatad valuta, most of the difference between them was pro­ 

bably due to imperfect mixing*

fbt tiaa taten for flushing «aa variable, bat «aa bates** ana and 

two nlstttea* 

Caabaa Piosida

ficposuras using a Blxtura of oarbon dioxlda and oxygati wer» of 

ootxras aada without absorbsnt t in «iis oaaa ths £va*«t&»4 gas was used 

both for flushing the chamber initially and also for oosprassionf while 

at the final jjtssssis a Small oontinuous flow was passed in at one and 

of the chamber and out at the other through a 'Botasstar* flow*tnatST« 

Carbon rloxlde absorption

Absorption of the oarbon dioxide produced by the animals wae by 

self-indioAting granular soda-lias contained in open trays bsnsath the 

 ages. In the high pressure ohaaber the absorbent was plaosd in a 

rectangular tray 21 x 2.0 x 1*5 eras* which held about 30 ^BS, of absorbent.

sHasuamiaats of the oarbon dioxide in the atao*]t»r«, tn the papsssnos 

of absorbent, wars made following exposures of up to 30 mins» at 22 atau* 

in order to ciiack fc.e offieienoy of His absorbent. Senplss were reraoyad 

the exhaust valve and allowed to expand to ataospheric pres ur« 

they ware passsd through a GrubVParsons Infra-rod oarbon dioxide 

dateotor, Pral 1«<nsry experiments put tiic resolving powor of this
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at about 0.05 of 1 atou at S***SM  ensitivity. So carbon 

dioxide was detected from the preemire chamber At 22 ate* and it is 

therefore considered that tha carbon dioxide- partial pressure mm 1*** 

than 0.01 atau

As a result of SOBS observations by M. J. ^»v*r (pewwnal commimication) 

it waa thought tl^at considerable inhoiaogeaeity nii^ht exist in the 

ataoephere, to counter this a snail fan driven tgr * low-voltage syn- 

eJUneous motor was installed in one end of the chamber for Rome of 

later experiments at high pressures.

Wbsn only oxygen was to be used fox aa exposure this was added as 

soon as flushing was complete*

fleverer, when oxygen was used with some other 0asv the detailed 

proeedure depended upon the relative proportions of the gases in the 

final mixture. Fox exaaple, in expoeurea ueii*g oa^fsii and heltun where 

the greater part was to be bsliu&9 the following procedure was usedt

1. Flush chsmber with oagrtfen*

2* Add C2 to the required pressure.

3. ehut off 02 and drain supply lines to atejosjtoere (see Pig. 2).

4« Open .eliua cylinder end add gas until required pressure reached.

Wben oxygen «a» the predominant gas in the mixture, for example, 

when used with nitrous oxide* a siailar procedure was used, vis*

1* Hush chamber with oxygen,

2* 3hut off Og and daain supply line.

3* Add HG to required presnure.
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4* Shut off the X^Q cylinder and drain the aupply Una*

5« Opan 02 cylinder and add eat until required final preaaore

Biia aathod allowed tha fMNwe of tte «aa »Mch f o»ed tha 

laaaer proportion in tha aixtwa to ba aeafured on tha more aecurata

Bvring obtained an atmosphere consiating i&ainly of oxygan Iqr tha 

flushing ptrooaduro outlinad al*oraf the ohambar waa than fillad to tha

pjaimapa with oxygan or whatever gaa aixtura waa being taatad* 

imte at which thia compreesion w»jiaohi«vad was variable since it 

thought more convenient to use a constant compression tima, usually of 

tba <9Vdar of one Miauta, hoaevar, aoaa slower ooaparcseions of five 

ainutes ware alat used*

All tinea were taken from tha start of compression, that is, after 

fluahingf tliey wore neaaured by stop-watch and raoaaedad to the naaapaat 

five aeoonds, 

Units

ftere axe no generally aooaptad waits in pKaajiiiit pbgraiolo^y, 

pounds par square inch, kilograasiaa par square centiaetre, milliaetre 

of Mrattrj and f aat of aea water baing used wi^i bath cubic feet and 

litres. As far as poasibla all pressures have been expressed in atmoa- 

Iiharaa absolute (ataa.) where one ataoaphars repraaants tha saan ataospherio 

pressure at sea-level and the standard seoalerfttion of gravity.
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Th& following ftquiralenta ianre teen used.

« 

33 f^t of o*a-watar

For £ilattwr«» of ®WM8 the partial paeesniire of ^ach gaa h«« 

In *t»o»ph*ree absolute



IS MICE

to potentially convulsive pressures of oxygen the 

behaviour of aioe is at first little changed. fhe initial reaction 

is a rapid exploration of the available apace and them gnawing of the eidee 

of Hie cage, en explore and escape pattern whioh a*? last for soa* five 

alimtes, Stoe animal* then seea to settle downf minly sitting atlll 

showing occasional cleaning aoresente* Before a convulsion there is 

usually a stage of excitement whioh is shown Tagr increased restlessness, 

that is render s^vvnents within the «s^s« increased fr«qxuenoy of ps*- 

waehii^ ««d fur-olesning sjo^e^eitte and sei^ times apa^K^dio rannin^ in 

circles*

rlthe first convulsion seen is usually minor, bo^i in extent and 

 eiwrity and is ccus&only aeon as a rapid nodding of the head associated 

with repeated aaroasntB of one fore-limb| t^ie whole attack character­ 

istically lasts only about five to ten seconds. & some cases such fooal 

signs swy be associated with more general radiation of motor sp&sas, 

similar to JacV sonian attacks in Ram$ in these eases the animal may fall 

backwards and remain immobile for a brief period before regaining Its 

feet sad appearing etibetantially noraal. 4 few aniiPPls seen to go 

straight frost quiescence or mild hy par-activity to a as^or convulsion 

without any premonitory signs*

Ifceee are of sudden onset but may be preceded by naming around the
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The distribution of convulsions in time. 
The frequencies of all convulsions seen at 5»4 atm. 
are shown plotted against their time of occurrence.



tt» convulsions involre all saw*** groups, so that ifce salsa! 

 pins violently within the cage. The convulsion is usually associated 

with incontinence of urlnt and those nay also be ejaculation of seaam. 

fbe duration of this violent phase of the convulsion la usually fro» 30 

to 60 seconds, aftsr irhlch it la followed by a tonic spun in which the 

anioal liea upon it* aide, «yee cloae4f ttoath ^ftping, f ore-paw 

and its hind-limto extended. 1hi« latter phase usually lasts for 

15 end 30 eaooBds, tl« anieel may «* » «et up and £0ve about the oa@> la 

a normal aeflner witil a farther cormilslan ewMMNi* fbese eowrultlottB 

differ froa epileptic tttaok* in man in that they aw usually tenadimted 

by a tonic phase, vhereas in man tfee tonic generally pxeoedes the elonio

«Moh tm exposed to hu^h oxygen prsasugM nay not convulse 

in Hie typioal manner dtscrtbec, but instead Key sees to feeeo@e ill, 

lyin^ in t!ie bottom of tfee cage with only oooasicnal bouts of custirlty. 

Ssjsli sniaa3s oen«sii3/ develop oonvulslfle* «hioh axe slew and which Include 

ahexMterlstic rolline s^fe^et!^. flies* ecfmilalonB also differ tatt 

najor convulsions in that their duration tends to be longer, t»o ainatss) 

or «or»f and the aninal nay progress to death with intermittent chronic 

convulsions sad increasing raspiratoiy embajggejiasjsnt as shown by slow 

irregular gaping er «sj)rping respiratory

If one considers the distribution in tir e of V* three types of 

 onwslsioB desoribsd, m&or9 Pajor and Chronic, than r»lr»tlv» to the

tit&e for Major eonvulsicas, Minor convulaions ooour earlier and
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The Logarithmic Transformation of Convulsion tine. 
The convulsion times obtained at 5«4 atm. have been transformed 
and the resulting frequency distribution shown above.
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dwonio oomrul*ion» o*ecar lator, relationship

B&Jor and "inor oonnmlsicns !» diaottaa** lat*r*

is anjjo««a to a hi/?** <t»*i» is * latent

period befor« the of the oofwulsion whidi marie*

, it is also that tho of a

i* a ftmotion both of «r»d of of

i* the tine

vulsion,

at a particalar

» the

In to a eow

t betwwn the i-o^ and tho response > it is usual to treat the anHent 

only ma th» in&tftiitait T*J'Iftble or dooa.

If one eaoai&m the reapoawea to an ambient parswujp* «uff ioi«ftt 

to oaitfie ooovulsian* in most of tht aaiwaln espoood they are fw»A to 

diatri^i-ted in to* aa«o»r atom in Fig. 3* whsre it will be o*an that

con^ttlsiona overlap* It w«a originally in to

of

sad-point the first convulsion of any kind, that thia would ha*» 

tlgfactoiy is ahom by tl^ following table, in which the rnjseb*r 

at 5*4 &tnu is tabiilattjd ;icc',r.'ing to the

C
ruble 1.

onvtilnions at 5*4 atra»

»0 CONVULSION 107AL

4 2



FIGURE 5

10 20 30 405060

TIME (MINS)

The Probit Transformation: The convulsion times 
obtained at 5*4 atm. have been used to calculate the 
empirical probits, upon which have been superimposed 
the fitted probit line.
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Had the first conrolsion been «s*4 ns in *»&-poi*1& coarly ona~fifth 

of tha aaiiL&lB (8) wotild haea* eomtilaea at some JO ai*mt*8, trhilo 

saaaintfer (34) would haps cormdsaA at about 13 rainutasj thu» t!* 

button of the first oonvuloioii Is clearly bimodal.

Sh» distribution of rosponao* about t!ie r»«i for «» tarpe of eon- 

vulsic«i oe®m« at first sl^ht to be normal, since it in rwghly 

ml th» nMB9 raoditn and «o6» are a\xi%? close to^13-.«r. Clearly, however, 

ttftgatlvc norrrulaion tlao« hart no o»»nlngf and in fact convulsions ae» 

rarely eeen in 1*08 thin five alnates* this a*an» tfa*t OOMI tall of tb» 

distribution is inoo«|>l*tc.

Tho convulsion tlaMi f t *
____ c

(1944) »how»d that a 100-1 of the probit 

of the convulsion tin« g«v« a atraight line for «aoh

result of porfoissing * logarithmic trFJi»fon.,ation upon 

the data for nA^or eonvulaions oontainftd in Fig* 3 i» shown in Fig* 4 

whore it can be seen that tho distribution is obviously aaox« «y»»trical, 

A plot of «apirioal probita against the lo^nrithra of the convulsico time 

ehoim tbftt ^§ aiatrlbntton ia slightly ntgatively tfBBwed Ft«r« 5> twt 

tlio aeon and etaodard dovlation gi-^s a ^.ttsf^ctory rawwrare of tba di»- 

tribution, olaot tStero is no ®ignifi«^nt Sifferenoe batw«fl9fi th« «spirical 

«nd the fitted p^oblt line*

, in order to calculate the convulsion tl»a t all tiirwa wera * o

eonvartod to loraritbBai anft ^a neaa log. time oaloulated, 1!hi8 is

to the goonetrio aaan of the obsorvad time in minutea, 

af foot of this lo^aritteilc trensfor-^ation ia to eomrart a
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Oxygen Dose-response Curve: The sample mean 
convulsion times t and their standard deviations a 
have been plotted against the respective ambient oxygen 
pressures.
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pwitively ek»w*a dletrllmtion in whloh the error in proportional to 

ttt» Mean, Into an appvoK&ntaXy acnaal distribution for vhlch th> 

atandard deviation la indapaaaant of 1to&

for aloe axpeaad to aofciant osygaa

faroe three to »l*r»n i« ahovn tn Fig,

Th» thr«« f»atnre« of carve

atop* of th«

to* thacMfcold d0fl?»d MI that K> to which th»

(c)

Mynptotic upon the 

d»fln«d

to wbioh H» ourv*

tiiaa axis.

eonvulsien 

upon tht

of thsi

In t}» foam ar • * 4-

for * straight line*

of th«

t obvlona relationship* to tt-f ««» ^»* f«r a roetan^ular 

oola of th* gta«Ml f or»

(x - 1>) (y . a) . • 

ft and b axe thft asymptotes to tlitt x and «3»«

it Is in the f o»» of th»

d»«ired for the pageant oaso, after Xo^arith&lo

would therefoaco
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Empirical relationship for Major Convulsions: The I.Tean
Convulsion time t for each sample and its standard error ac n has been plotted against the reciprocal of the ambient oxygen
pressure. Superimposed is the regression line obtained by the 
method of least squares.
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*hero log^ to - #» lagwttlsa of tfce major convulsion 

a - the minima response time. 

G * the proix>rtionality constant* 

P   the ambient KU* 

b a the threshold pressure.

Whan the asyaptote le not known it nay be eotiraatod in th» manner 

iftseribed by Ulggs (1963). ftiia method involves fitting of the best 

lint ty trial and orrcor, whioh ciay be don* ^T»p*iically. It 

oonflid»r«d w>re eatiefactory however to fit ft regr*s*ion line to Hit 

«jnta by th» attliod of 'leost-afWBpeB 1 and to select the lin» vhio^ gem 

tht hi^i»»t oo-effici«nt of linear correlation.

convulsion tlm«« t their standard orrore a.n 

the ttspirioal equation nalect«d ri*.

*0 * ~ °»* "** 8**

in Fie. 7* ®* highest co-officient of linear correlation

r - 0.98 for values of b between 0 and B attn. wa» achieved for b « 0.

ft* fit between t!ie ob««rvad valxsaa end the derived

is extM^iay ®do&« there are n*verthtle«fl two inoon- 

aiatenoles in thia analysisf ^e first of these concern* the value for 

the Biniimat reapcnge tla»* A* the I0« increasoa it is found that the 

response tine becomes shorter, lying between about five tad *lgit minute* 

for exporore e^0v» 7 ftts* It was not found possible to explore thi» 

limit of the curve further eince at pressure* above 11 atau convulsione 

appear to be euppre«8ed. atpoaure to 16 atm. and SO att, produced 

oollapee witl.in about three Ainutea and lead to death within tm
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without any siga of oon-ralsions* This bad previously k*xm ebsatevea by 

Eaten (1967) *bo considered that the absence of cormilsions was consistent 

with the view tfcat oxygao at such pressures acts as an anaesthetic. 

Whatever th* reasons for the absence of convulsions at high oaygen pages* 

surea, this finding aakes it iiapeasible to confirm by direct experiment­ 

ation ths extfecsely short minima response tir.e, of about 5<> seconds, 

predicted tqr -tJdc equation*

1!hs secKK^l incoiislstoncy oonoorn» the threshold pressure Tfhlch, liles 

the lainfswi respoase ti^e, is also extre: elv difficult to verify directly, 

sinoe at paresmires in the region of 3 at&« of oxygen the animals beoorae 

ill aM ^i^or convulsions arc? less ©ospion, c!ir aaio ocaivulsioBS or 

respiratory distress apparently taking tiioir plaoe* In this connection 

Steith (1099) conHlxlorecl that a <2sgree of protsotion against convulsions 

was Oi^nf erred by the lime-<3a«age whioh resulted from prolonged exposure 

to oxygen* In th» present work, those a&lmals which were oxaciined poat- 

sjortaa at 3t 4 sM 4*5 ate* uiruaLly shoved quite gross l^n^dfl^age as 

eridenoed by dense dark haeaorrha^io lun^s and frequently also by a 

ssngnineoTm plmmil effusion* 4s will be diocussea honever in a later 

section it is mlikely that lung dar^ago is the najor factor in pro Slicing

ttireshold, which for mioe is about 3*0 att3K)apheree of oxygen. 

l sioiis (Figure 8)

Analysis of tlte dose-response ourv« fox minor convulsions in exactly 

ths saae s-ay as for ma^or convulsions leads to the empirical equation

lag \ m * 0.1 * %1 

where log ta « the lo@nd.1isi of the tiae to minor convulsl

(f ) - tlhe reoiprocal of the ambient
*
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Empirical relationship for Mnor Convulsions: 
The lie an Convulsion time t for each sample and its 
standard error a has been plotted against the reciprocal of the ambient oxygen pressure. Superimposed is the 
regression line obtained by the method of least squares.
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The co-efficient of linear correlation ffiveti fcy the data i« 

r - 0

Tha», not only axe minor convuleionfl distinct from aa^or coevals! 

in their appearance 9 bat the alope of the regression line 10 alee dif­ 

ferent*

The slope-ratio for ma^or and minor convulsions my be obtained 

tfeft equations etren* wfcenoet 

alope ratio »

ADDENDUM Page 29.

Only animals which showed both a definite Minor 

convulsion, followed in the same exposure by a definite Major

convulsion, were used to calculate the values of t .7 in

While Major convulsions were usually repeated if the 

exposure was extended, Minor convulsions were rarely repeated 

and were never seen to follow a Major convulsion.

\

The approximate Time-relationship between Major and 

Minor convulsions was found to be, that Minor convulsions 

developed in about half the time taken for Major convulsions.
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fhe onset of convulsions in warm-blooded animals is characteristic* 

ally preceded by a latent period, during which the animal appears normal, 

the nature of the change* which must be taking place in the central 

nervous system during this period and which lead to convulsions, is not 

known* However, a large number of in vitro studies, Davies and navies 

(W5) Kxugaaud (19&8) have shown that oxygen inhibits many of the 

en«ynes essential to cellular metabolism, but as has been remarked by 

Dickens (1962) this inhibition usually proceeds at a far slower rate than 

the rate at which convulsions develop* In order to study the nature of 

the process whioh leads to convulsions a series of experiments was 

devised* This involved dividing the exposure into two parts, each part 

at a different pressure* 2f» first experiments were designed to see 

whether it would He possible to detect the effects of a sub-liciinal 

•xpcerur© by subsequent titration to convulsions at sou** supra-lirainal 

pressure,

Aaiaale were used in pairs, one control and one experimental anisal,

This was placed in the medium pro a sure chamber, in the presence of 

soda- lime absorbent, and exposed to oxygen for a time t_ minutes at a 

pressure of ±\ atou fto* pressure was then increased to I;2 atau and the

t» minutes taken for the sniaal to convulse was recorded* 

CONTROL AITIMAL

(s) For exposures at an initial pressure K of one atmosphere the
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oontrol animal mm placed In the low pgq»iurc eftiMter , in th*

of oGcia-Ume Ateartont, toe&thing ai*f it waa than transferred to the

ohanifeor holding to* oaportowttBl aninal. The atav&er «a» then final**

with &DRMH and JKMHi aniaals OQDBBMMPO& to tfao ii'iiaiBPi IL.*" *"""' " *«  - ^

(fe) lien the peotMMapo F^ was greater than I atn* th» oontrol anlaal 

wao e^pooed oepKffatoly in ordftr to wrold tho oaapllofttlcc of dooonproo- 

%otH mliMli-i Tto* control expo«ur« in tfaie OOM «MI aado at

for a time tQ poooMaiy to iiffcann aQDnralolooOf tat

withoat any prior

S«l«otion of the control aalaal «nd «» «ite ooocrpiod Igr

of a coin.

of «cpoma»« «w§ fsads oaii^; 15 aJjnxtro at 

either air oar osygen follcnmd by 0xpoau» at 5*4 ate. of 

botii thia and Hio sub«e«T»nt s©ri«a of 1 hour at 1 atnu followed 

5*4 ata. wove  ntirely negative, fablo 2.

In a further attempt to f lad a levtsl niilili wotUd provida a 

in th© convuleion tizae» exposures ware nado at 4 »tn« for 30 minotee, 

followed by expora* to 7 atm. of oa^pm* Tabla 5. Thone exparinenta 

rtiow«d a eignif iottit ahortenin^ of the convulsion tiwe whin ooaparod with 

th« control vrdtao at 7*0 at®, Kavorting downnarda the noxt «tposur«a 

made at 2 atm* for 30 a&ntfteo and the oonvuioion time ooapaawd with 

for tho oontrol group at 7*0 ate* These results showed no

PinaUy ««po««»« of 30 minutes at 3 *t&» gave a highly aigaifioont
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ehortening of the ooavuleion tine teeted at both 6.0 a1n, an* 7*5 atou

Mi* 3.

tt Been** therefore, that one aay talk of a threshold to

which, for mice, liee between 2 atm. and 3 atra. Prior expeaure to 

prewrarea below this provoked throahold does not lead to any detectable 

alteration in the convulsion tine at tome higher pweeetire; while exposure 

to pareeauree above this provoked threshold produce* a marked «hortening 

of the tine to eonvulslona obeerved at eome oilier eupra-llininal presrnirc. 

fhile tbNte ia no evidence which would identify this provok&d thieehold 

with Hie threehold xeeo^Bieed tsm simple expornzroe, Hie trm pressuree 

sufficiently aimilar te Make identity quite

no evidenoe cnn be offered that any peooeaa loading to 

oonvuloiona exists below the threafaold pores "ure, it ia clear that for 

eocpenuraa above the thro ahold presstow one nay regard the latent period 

as repress ting the time taken for the <^velop»ent of oonvalfiioBfl "fay 

eoae prooew ^Kloh ie aem»ed to begin on first exposing a* aaiswl to 

* miaed o^f?wi iJi'eeluaig eM to end with the convulsion, fhe naihematlcal 

form whieh swch a prooese night taloe hae not previously been investigated 

exoept in a i¥H»*nt ^^.-ner by fwwa Tie«r?ln^ «nd Fhl?*>ott flft6?) la which -ttiejr 

ettegeat that the ooaree of osygro poiaonln;- in fr^oso.Mli f might be 

linear rathor

When an animal ia exposed at a mir>r&-liBinal pree-aire P. for a time t» 

short of the tine t , needed te prod\ic« convulgionn, then ttpon



tfc* pressure to woe other Bupra-liminal ^soure P. t there will %e a 

tisoe t2 after which the aolaal will conrulae. If the fractional exposure 

10 defined aa tho ratio of tha expoture time to the convulsion tinis for 

that popwwrare, than jxroviding that the praoeaa b&in£ considered is a 

linear function with ttoa, the two parta should ootaMna la the following

•kich aay be T« i •CTmnflBil to

(1-

9uoh an eaqpreasioa ohould be able to be u*e& to predict th» tiaa 

to aomrulaionB lit a diyid^d exposiire. In or-'er to avoid oonfuaioa 

obaairv^d sad tha pradicted vnlnea tha 3j-.;bol t haa been 

for Hu» Ttpadioted ti^e at po?«««ur« ?„. Tl;e reoulta of a f^riea 

of expoaurva dMignad to teat thia relationahip axo abowi is 'Jabla 4* 

Superficially the agr»<aa«nt affaax« to be aatiafactory, howcrer, half 

were obtain«(9 with an ir-itlsd fractional expoa«e» of abont 

while theoa ahow agftament which la roinarlrably oloso, both 

taaller and lat^a? firactloBal arpoware ratioa givo remilta which are 

Inconsistent with the proposed relationship and auggaat Hiftt tha ptcooew 

to oorwulaions la non-linear.

A further attampt to find a way of adding tht two parla of a 

divided axpoffuape waa nade ia the following waji

1. It wma aanuoed that the velatioaahip prerio-ofily deri^&d for
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convulsive exposures oould also be used to describe partial exposures , 

and also

2* That the approximate relationship P log t • K could be sub­ 

stituted for the empirical equation

log to - - 0.1 + 8.1 (1) 

3. The partial exposures were defined as

follows P.

(a) The exposure at P. may be 

considered to continue for a total time of

minutes giving rise to a partial P

exposure - P..J, log (t^

(b) The exposure at P~ say be considered as being added to

that at P. such that the effective pressure is(P - P.). This pressure

acting for a time

y2 "

2 . 

gives rise to a partial exposure

y2 =

(o) Since the total exposure gives rise to a convulsion 

or P lo * + V * (P2 ~ Pl^ loe *2 " K

whence K will be the slope of the dose-response ourve.

Groups of three aloe were exposed for three or more different times 

at pressure P (e.g. % 10 and 20 minute a) and then exposed to a higher 

pressure P- until major convulsions were seen* The pressure P. selected 

was above the provoked threshold, either at 3.0 or 4.0 atm. of oxygen, 

while P was either 5*4 atou or 6.0 ate,

The tines for the initial exposure were selected in a random order
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•aft the experinente sarongs* as four Latin squares . St» results are 

presented in T»bl» 5 and Table 6* The latter Eafelo stum that 15 

iafl»S*n&»nt estimates of K are in satisfactory ag»Mffiejitf givlnf a

K - 7*5 *l& & standard error of c . o.l,n
oor?.parlaon tli« n»an product of (Praamzro x log t ) obtained from 

the raluee ahovn io the doae-reoponae curre Tid* Figur* 6, giraa en 

eatioate for K - 7.3 with a etendard error c^ - 0*2.

It ia therefor* considered that the evidence presented leads to the 

following conclusions!

1* The convulsive proc+aa appears to to single rather than Multiple* 

2* The rate of thii process is directly proportional to H* aaMent

As a first approximation its form may be said to be exponential 

(vid, CEMP.
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Tafcle 6
The evaluation of the relationship

P. log (t. + tg) + (?2 - P..) log tg » K
or yi + y2 - K

P. - 3.0 atm. Pg « 5.4 atm.

^
(mins.) ,

7.5
15
3D
60

t2

(mins.)

23.0
18.4
15.2
5.7

Vyl

4.45
4.57
4.97
5.45

f\

i

3.27
3.03
2.84
1.82

k

7.7
7.6
7.8
7.3

P. » 4.0 atm. P<_ « 6.0 afeu «. <£

*!
(rains.)

5
10
20

*2
(mins.)

11.1
10.2
11.8

y

4.83
5.22
6.01

y

2

2.09
2.02
2.14

k

6.9
7.2
8.2

p - 4.0 aim. P~ « 5*4 atm.

*!
(mins.)

7.5
15
33

*2
(mins.)

16.7
15.3
9.2

y
1

5*53
5.92
6.36

y2

1.71
1.66
1.35

k

7.2
7.6
7.7

P. » 3.0 atm. P. • 6.0 atm.i <L

\
(mins.)

5
10
20
40 ,
80

tg
(mins.)

11.6
13.6
11.1
6.3
4.6

y

1

3.68
4.12
4.48
5.00 {
5.77

y

2

3.22
3.40
3.14
2.40
1.99

k

6.9
7.5
7.6
7.4
7.8
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have shown that carbon dioxide has a marked effect 

oxygen induced convulsions Bean (1945) Hawgaard (i960), XR a eeriea 

of experiiBenta ttaing raiee as subjects Marshall and Laabertaen (1961) found 

that at lower paceaaure« of carbon dioxide, oxygen convulsions «*ve potan* 

tiated, while at hi^Jiar precmirsa of oaarbcai dioxide seisures beoaae le»a

violent and the end-point leaa preciee, suggesting that there waa 

protective effect*

Ae a first step tfcatefore in studying the interaotiona of other ga*e* 

with the phejMNanon of oxygen toxiolty, the following experimenta iwre 

amd» in an attempt to find a quantitative relationettip iftioh would des- 

oribe thie interaction,

of three nice wave expoaed in the maditai preemtve ehaabar 

either to a mixture of oxygen with carbon dioxide or to oxygen alone i 

six different type* of axpoaurt were arranged in a 6 x 6 Latin aquare aa 

follow*)-

liable 7
Carbon dioxide and oxygen exposures

Treatment

A
B
C
D
1

F

2

0.07
0.04
«~»
«.

0.05
0.03

K>2

6.93
6.96
7.0
5.4
5.35
5.3?

P fOf AI j

7.0
7.0
7.0
5.4
5.4
5.4

Gas mixture uaad

l£ 002 in 0«
0»!^ CC0 in 00

& 4C

Oxygen
Oxygen
S# C0« in 0^

a*» 4«*•* *« ta °2
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On* 6 « 6 square waa chosen at lantern from tiios* tabulated ay 

Usher and Tates

When Mixtures of oxygen and carbon dioxide were uaedf the chamber 

waa first flushed in the usual way using the mixture, compression fol­ 

lowed and a steady current of Bistros was allowed to Tent from the chamber, 

at a rate of 2 * 2.5 11 tree/minute, thmvgh a 'Koto&eter*; the inflow was 

adjusted so that the chamber pressure retrained constant*

The control exposures to pure oxygen were carried out using soda- 

UBJS absorbent and without a flow of gas.

The design of the expSKtoent was based upon the following consider­ 

ations.

fhs use of a Latin square was intended to allow the segregation of 

tsie possible sansos of variations first, any diurnal variation in suscept­ 

ibility which might be expected to appear as a difference between eoluansf 

secondly, any variation in sensitivity betneen batches, or between 

successive samples froa the ssos batch, such as might be produced by 

ageing. Such effects should be recognised as a difference between rows.

In order, as far as possible, to tf&e account of the first of these 

soorces of variation, it was necesuary to carry out a complete group of 

six expesttrer in one day* The lowest convenient pressure which would 

allow this was 5.4 atm. at which the mesa convulsion tins was about 30

In choosing the higher pifsssm-e level, reference to Marshall and 

Latabertsen (IS61} suggested that a H)2 of about 7 *ts« with a PCC2 of



- 42 -

0*03 to 0*0? at». (oa* 20 - 55 •»* Sg«) *wuld be likely id give the 

eytlSHS effect*

If carbon dioxide was to show a significant protective effect at 

7 ate* total pcesssre, then this tight be expected to show itself to 

extent as am nbeSMS of convulsion*. Such an absence of the end-point 

fcight be qualitatively convincing but would make analysis of the results 

•ore difficult If several misaing values bad to be computed. Gawps of 

three mice were tbtrefore ueed t the aean conruleion time for each group 

computed, ignoring any ai«al»g ralues.

remit* of these experiments are efeseji in Tables 8 and 9*

1* The convulsion tiia* at 7 ate* in the preeenoe of carbon dioxide 

did not differ significantly from it* control value*

2. At the lover preesure of 3*4 atm. however the addition of 

carbon dioxide had a marked effect upon the convulsion tlsef the aean 

values for treataente E and f ahowine a highly si0^.ficaant difference fron 

their control value*

3« At neither 5*4 ata* nor at 7 atro* was it possible to di»tin£uiah 

in these experinents between t^e ©ffecta of carbon dioxide pressures which 

differed by a factor of t#of since there was no significant difference 

between treataents A and B, or £ and F,

4. A significant effect of 0*03 at®* carbon dioxide was detected at 

a total pressure of 5*4 atsu but a similar PQOg appeared to be without 

effect at a total pressure of 7
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l.Iinor Convulsions in the presence of Carbon Dioxide: 
The data obtained at 5«4 and- 7«0 atn. is shown superimposed 
upon a fan which illuc.trc.teG the dose-response curve for mice 
and the range of results obtained with various levels of 
Carbon Dioxide by Marshall and Lambertsen (l?6l).
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5. Ifeither rows nor ooltwms contributed a si#»if leant 

of the total variation.

the results so far pmsented have been for major convulsions only, 

however, minor convulsions v*i<a also noted in thle series, The data for 

minor convulsion* ass presented graphically in Figto» 9 sup*rirap&sed upco 

results obtained by Ilarchall and Lambsrtsen (1961).

It is clear that there is excellent agrees&at between the two set* 

of data and that the present work conf Iras the potentiating effect of 

carbon dioxide so far as tb* effect seem at 5»4 &1a* is concerned* bat 

an absence of effect, rathar than a protective effect at 7 **•* 

O

In an attssipt to elucidate the nature of the change in convulsion 

tins under the influence of carbon dioxide, a series of divided exposures 

was carried out similar to those yjeviouely described* 

''ethofl (divided exposure®)

Exposures were «ade in th§ weditaa pressure chaaber, uaing ̂ eoups of 

tbxee aioe# with a constant flow of gaa pawsir^ throu^i. The pressures 

were chosen BO that tha first erposure was at half the pressure of the 

eeoond expogure, thus two gas mixtures could be used, X" carbon dloxids- 

in oxygen at the lower pressure and 0*^ carbon dioxide in oxygen at the 

higher pressttze. The effect of tills was to keep a constant 2*00* ^hils 

dm&liag the total pressure^ Two series of expoeures were usedi

(a) InlUal exposures of 5, ID or ao ainutes at 3 atm,, followed 

by exposure to 6 atza. were taken in a raadosi ovdsx until fifteen exposures 

had been nads for each of the threes different exposures•
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Tafel* 6
Th» effects of carbon dioidde upon oyygm " O s Ions

^ource of 
Variation

W VMWM

B~i*»a

3W1R Of

0.0353
0.0419 
1.263B
0.1274

, 7=,"
5 
5 
5

20

ZSi^VU^I^E^HWF^K ^iP^^Bfc-^^

v'^ -.;

O.CC71 
0,0064 
0.2528
0.0064

Varteca

1.1 
1.3

Tbtal 1.4684 35
Tfttfa^^^fcw i^hJI 4fe4^^^vt^fe4Mfc£ tfUMMktfa jfjff vVvMhtJuW^K ^9^3vnK'flE^bjL lv^3^9^v

Control 7 atm. v A 
« « v 3 t
" 5*4 atm. v t;
n n y y

0.0131 
0.0242
0.3832 
0.239*

1 
1
1 
1

0.0131 
0.0242

ol2398

2.1

jfr* ^ ja-Mnifc ti\j M ""I
37.7 WHI

N ** Sigaifioant at th« 0.1 ' lewl

Table (}
CoBW-lsion tia&s with 00^/^0^ siixtur««

£H An

Trc-t,ent

A
1
C

1

D

B
F

TO t''il ^EtJB f*C 2?6
(atm.)

7 ^L UiUA ^w — — ^

7 at®.
7 ata.

5.4 ata.

5.4 at«*
5.4 ate.

?.CG

(atm.)

0.07
0.04

—
r :

——

O.GJ
0.03

&u*l««tc
0.85
0.^
0.91

1.37

1.02
1.09

t
(mine.)

7.0
6.6
6.1

23.7

10U
12.3

H^hC02
Low 00g
7 ate* con­

trol

5.4 atffi. oon-
trol

Hi^i Q02
Um002
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(b) Initial exposures of 10, 30 and 40 minutes at 2,7 *to. fol- 

love* igr sxyoame to 5*4 **** «**» «ads in * simila

The revolts of thase divided exposures in the prssatic* of carbon 

dioxide are pr*eented in Table. 10 and analysis of these result* by the 

method given for partial exposures in Chapter 4, is presented in Table 11,

1. The aost obvious conclusion **ieh can be drawn froti Iheoe results 

is th*t thsre is no oi^nif leant difference between any of the volute of 

either with reccect to tto length of tima t, f spent at the 

P., or to the pres&ure P? at which these results were obtained*

2* Kerarth&leBB, log t^ is significantly leas than the convulsion 

time obtained in the absence of carbon dioxide (T»blea 4 and 5)*

3* The jororoJcsd threshold for convulsions in the presence of 

ea* 0*03 attt*. carbon dioxide appears therefore to be above a total 

of 3 atst*

slope of the dcae-response curve for oatygen convulsions

altered in the prosenae of carbon dioxide as evidenosd by the value of K 

in Table 11, However, since the first exposure t. had no aignilioant 

effect, it is perhaps more logical to consider only the second erposrure 

as contributing to convulsions* T^ise give a asaa value for K - 4*7*

The approati&Ata eapirlcal equation for oxoosures in the presence of 

0.03 atffi, of carbon dioxide is thus P. log t • 4*7»

5* DM crossover point at 7 fttsu implies that the intercept is 

also altered by carbon dioxide*
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Table 12 
H* effect of N.O upon oxygen convulsions

Source of 
Variation

•i^^WPSF

Colwans
4WB^PWp vHHRBft Wiv

Besidoal

Sot of 
aquarea

(s.o.s.) ,

0.0491
0.02540.0729
0.0867 ,

Degrees of
freedoa 

(B.F»)

4
4

12

siean 
equaare 

f (M.S.)

0.0123
0.0063 
0.0182 

, 0.0072

Tarianoe 
ratio

» (F)

1.8

3*3*

Total 0.2341 24

Stalled CcnpariBon

Control B« v. D» 0,0661 1 0.0881 12.2 **

* Significant at # level
** Significant at 3£ level

The effeet of up to 0.54 ata« of N.C is thus Just detectable* how- 

, thi« variance due to the difference between rove ie alsoat as large 

as that due to the difference between treatssenta. It is thou^it tliat 

this was due to having used animals froa three different batches.

Upon detailed comparieon, «ie only ̂ 2° leTel ^Hioh showed a 

Significant difference frosi the control level was the highest, i.e. 

0.54 atm.» although as can be seen In Figure 10 the trend is for all 

the convulsion tines to be longer la tbs presence of Nitrous oxide.

The level of NJ) which gives significant protection against



FIGURE 10

20 n

.10-••
5-

0
0-07

PN

0-14

o (ATM)
0 27 0 54

Convulsion tiroes v/ith Nitrous Oxide: The mean 
convulsion times obtained with 7»0 a-tra. of Oxygen and 
four different levels of Nitrous Oxide are shown together 
with their standard deviations Q .
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ssmuleions is one at which hyporactivity was shown by nearly ell the 

aniaals. It is a level which represents about one-third of ths anaes­ 

thetic pressure as ^ud^ed by the loss of the righting reflex. Mlllert 

Paton end stdth (196?).

A noaber of exposures was made to investigate the form which this 

protective aotion of Hitrous oxide mi^ht tafce.

ficpesures were planned in a similar aanner to those

using four different oxygen peessures apenning the range from 

6,4 to 10 ate. Animals were exposed In pairs to the following treat- 

Bents.

Treatment

A
B
C
B
E
F
6
S

!H20

0.54
«M»

0.54
«N»

0.54
—
«M»

' 0.54

»t ,

6.5
7.2
7.2

10.0
6.4
6.4
3,5

10*0 '

Total ftwssure

9.04
7.2
7.74

10.0
6.94
6^
8.5

10.54

Due to the large number of aniisals which showed collapse, chronic 

or sla^y absence of raajor convulsions it was not possible 

te analyse this data, aa fully as had been hoped. However* each type 

of treatment has seen oharaoteria by its mesB sad standard deviation 

as shown in Table 13.
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FIGURE
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Dose-response cirrve in the presence of 0.54 atnu of 
Nitrous Oxide: The control figures are shewn as solid 
circles, vrhile the open circles represent the effect of 
adding 0.54 atm. of N0.
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It 9m bo **«n from Tablo 13 that about one-third of the animals 

failed to reaah a clear end-point at Hi* lower pressures, wh*a Witreua 

corldo was pa?*eent» At 10 ate* of oxygtn however two-thlrda of the 

•alaalc fallod to reach an end-point*

!• Tho ^••taM of 0,54 ata, of Hitrous oxido in the 

dolaya tb* on«ot of convulclons.

t* fbs way In which tfc@ doee-reaponse eurw for oxygen 

sjodlfied is by an increase in the slope (rid* Figure 11). Th« ratio 

of the slopes of ft» two regression lines illustrated is *f*!f « 1,37*
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In the course of studying dives using a aixture of oxygon end

nitrogen Lenphier (1955) noticed an apparent oensitisstion to oxygen

Since the reason for this sensitisation ie not knows the following 

experiment was designed to teat whether it was possible to detect both 

a shortening of the cozmdsion time, soon ae ie produced by carbon 

dioxidef and since nitrogen at gseagure is narcotic, a protective effect 
similar to that shown by Citrous oxide*

Pairs of mice were exposed in the high-pressure chamber to ? at&« 

of oxygen both In the presence and the absence of NiUofsn, fhe Nitrogen 

pressures ofaoeen were 2 aim*, oo«parable with that twed by LanjM.er, and 

1$ fttsuf that IB about half the aaaaesthetio pgeeatme for raloe* Miller 

Baton and Saslth (1^6?)* ^hia study was combined with an inrestigation 

into the effect of the rate of compression upon convulsion time, com- 

preesion either being In one miimte (faet) or is five einutet (slow). 

fbt four traataenta pl«fl a control were arranged in a 5 x 5 Latin square. 

BESPITS^H^^^vi^^^^^^nn^

Am oan bo eeen froa fable 15 few animals gave a clear end-point at 

22 ateu* the five aui&ala out of twenty which oonvulseu did so in a shorter 

time than the control anloals, however, the remainder presumably failed 

to convulse duo to the presence of the Nitrogen, time giving strong 

qualitative evidence for the protective effect of 15 ate* of Nitrogen*

So significant effect attributable to the rate of compression oould 

bo demonstrated, the results for treatment* A and 3 wore therefore pooled.
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waa a aignificant difftaMWft l*tw*a ?r»atsi*nts (A + B) and tt*

value 0 th* value siren by Gtudeata H* test being 2.554f 

«x»a«a* a probability of 0*02 for 18 tegv*** of

*U*15
f&ft BifillrtHbi Of WitfiQgMl ttpOB UIJ&VB €N

^reav^it,

A
B
G
D
8

nrfc i
i a'QB. )

2
2
•

15
15 ^

PO,
^ 4^ \*

7
7
7
7
7 '

Gonvttla-
Ion tiaa(v

12.1
13.6
I6.i
n.i
11.2 <

log t^

1.08
1.13
1.22
1.05
1.05

jnmlsiona

a

0.1
e.i
0.1
0.1

•

It

s
6
&
3
2

*te of
1 ooBprt»a-

sioa

AM
Slow
Itet
DM%

' S10V

fetal 25/50

OOKgflSlOiB

1. There was a al^oirioant 

ja?w»no« of 2 sins* of Kliae*ge&*

of th» ccawulaioa ttoe in th»

Ther« «us a

la tha preaanca of 15

fall in UMI nuber of anla»ls which coarral!»4

. of nitrogen.

3* Bo diffareno«* could be d»t^oted which could be ac«ri\»d to tha

rate of



J&xtaxoa of oxygwa and bolls* axe of Saportwioo in Hoop tiring, 

«ina* apart ffeoji hy&ra#m, whiofa haa toon little w*ed? halluM la tho 

only pe&otl®a&lo dllu&nt for tho «**tntial ox$$otu Dozing the couiwo 

of oona »ijsttlat*d dlwo aado la 19&4 which for«ad port of the

iiipfiiMin of til* llogrnl Uavyt tha aut^ior ofcsarrwd 

in 

o«»»* of 18

fhoaa al«B3 took th« form of lnt«MO tr-w»p« of all voluntary 

a»«cies; tn&y iw« associated wit^ Inco-ordisaUon $f gait «od 

aoressonte. C<X3pr*esioit to ^lo^th vaa sotda at a j»t» of »o»s9 3-4 ata*/ 

•teito and th^ teener tra* Ailly 4^fOlopo4 ^ about oao eirmte after 

arrival at Soplfi* Th« »ubo*^i»iit oonre* «no surpiplein^ IB that a 

agadaal tepwrnr^nt o^mxto€ (?«rlr^ rgfiQBiac at Aepth, th« dlwr appoa2«» 

lag oesoAl after thirty mimitoa to one hour, l^c oxygwi pr»»gure through­ 

out wwli an ogjpoaggo «aa not ^r«at*r fhaB 1 at&.

Alihoo^h tha obeerrfttl<ms did act correspond with the eign* of 

oyye«n toxloity, tv ey vox* thought to show that th«re cii^t %o aoaa 

lutoraotidn feetwaon hoUtai and

pairs of mnlaals voxo omfoood In 1^o hl^h rreMraw ehantber 

to a eixturo of ? ata. of oxygon ?dth 34 ate* of mimt, or to a dwjaor 

flbrtaso of ? atn, of axy$m with 6.6 at». of Bltro^am* flio iremilt of 

thla *aa quit* olear, the al^hta^n snlaals aicpoimd t« th« leUeoHoxy^Mi 

oonvulsod in 4*^ ffdBtttaa *hll« tSao eight af\lfa»le oarpoood to tteo
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mixture convulsed in 11.2 minutes. The former conrulsi<m 

tla* was significantly shorter than the ti*» for 7 *tm. of oxygse gives 

by the dose-response curve of 9*2 minutes! while tho convulsion ttes with 

tht aJbcture of oxygon and nitrogen showed so significant difference, It 

had been thought possible that at 41 atou total preosoro the dtn*i^ of 

th* br«a-tMng m*&tom aifiht be euff icient to o«u»e a significant alter* 

aUon in the alveolar POQg mid that »uoh an alteration ootxld have tho 

effect of shortening the convulsion tt-e, T'or thia reason tl>e control 

exposuree were Rftdo with nitroi^sn at a level which does not oatzso narcosis 

bat i^ioh would five ft mixture of gaeater density thsA the mixture of

Since no shortening of convulsion tiae was found with tho oxy-nitrogen 

Bijcture, while ouch a shortening waa found, with the oxy-helium mixture it 

waft concludoc! that the major part of the effect observed waa due either 

to the presence of Heliwa or to pressure per **«

i
4 further investigation of tlie effects of IMIua waft made using 

a 5 x 5 Latia square assign, in which pairs of mice were exposed, in 

the high-paresBure ohaatoer, either to 7 atm» of oxygen (control), or to 

7 atm. of oaqrfan with eith.er 1, 15t 30 or 6C atni. of Helium.

The results are shown In Table 16.

Of the treatments given, only that with one ataosphere of Heliua 

failed to show a significant difference from t>ie contro^ - the remaining 

throe wore all different from each other and from the control value at 

tho 0.1 ' level of significance.



FIGURE 12

10-

5- 

4-

3- 

2-

I r 
01

T~

15 30
—i 
60

(ATM)

The effect of Helium upon the convulsion-time: 
The mean convulsion times t and their standard deviations a 
are shown for exposures to mixtures of 7»0 atm. of Oxygen 
and four different levels of Helium.
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Table 16
The Helitta Effect

Treatment

FO2
(atm.)

7
7
7
7
7 ,

r He
(atm.)

1
15
30
60
• i

Convulsion Time

*o ,
(mins.)

10.1
8.3
5.6
2.8

12.7

lo& tc

1.00
0.92
0,75
0*44
1.11

a

0.13
0.13
0.11
0.18
0.19

n

19
17
18
16
ie

It was also found that the oamruloion tiro* in the paresenoe of 

60 atau of Eelitsst vis, 2.8 minutes, wwi shorter ttaa wa» ever found

of oxygen alone.

The decrease in convulsion timo wae fo^nd to be approximately 

linear with r«e<»uge a« shown in Figure 12*

4 cumber of attempts wa« made to eee whether Heliua could be used 

to porovoke convulsiono at oxyg*n presaur^B below the threshold of about 

3 ate. T*o main complicating factor* prevented a dear aaaver 

obtained at hl^ |«MHRirefi. The first of these waa the very rapid

rise d«Kln§ ••napin»ionf due to adiahatie eating. lh» 

to have controlled this sdght hare been to h«v» slowed 

rate of cor; preseion. Rotwerer, this r^ould have made tlse aeeeaeaent of 

the severity of the exposure and the oo«7sxisoa of different expoeoreB 

aere difficult. ISie eeoond coiriplioati<m was ths oocurresitce of hyper- 

activ^.ty and oonvuloiona or tr«c»rt similar to tiiat aeen in



- 57 - 

*i£rui sisusd to b* absent below about 45 *tfe* whils >ov« this pressure

A few clear results were, however, obtained?

1* Two aniaals expo»«d to 1 atm, of 0? snd 60 atp. of Helium 

not <wnvxL'30 during a 30 mirrute exposure*

2* Two anlmala exposed to 60 atm« of JTelltsn with 2 atm* of 

did not convulse during 40 minutes,

3* Two animals exposed to 60 atm. of Helli&t with 3 atm. of oxygen 

did not convulse during 40 alnutsfl, and finally

4* Two flniaalfi eatposod to 60 atm* of el.lum and 4 atffi* of o^ygan 

developed minor end ohwaio but not major convulaionB.

The tentative cone lus ion reaoi^ad waa that Helium potentiated the 

action of oxygen in pro&M&g eonvulsions, but did not itaelf produce 

ootivulsione wlian tiie level of oxygen waa b^low the threshold.

The nature of the disturbances produced by compression is not clear 

bat rapid temperature changes may be a factor in their

SB CCRTE

next series of experiments were designed to show the way in 

nhich the convulsion time depended upon both the PO- and the ? He to 

sse in affect whsther the dose-response curve for oxy-hslium was dif- 

ferent from the doee-recponae curve for oxygen with respect to slope 

or to intercept* Aniaals were, therefore, exposed in pairs to too 

levels of oxygen sad two of Helium as indicated in the table of results, 

Sfcbls !?•



ifeble 17
Gxy- '©lium rloee-response curw

*re*

H),
(atm.)

5*4
5*4
7.2
7.2 ,

P He
(ate.)

15
30
15
30

s
(mins*)

21.4
9.0
9.2
6.6

"™^*^^5 jfc 
^31

U33
0.95
0.96
0.82

a

0.18
0.14
0.13
0.09

&

8
e
6
8

Since virtually the s&oe convulsion tim« waa produced either by

5.4 atm. Og -f 30 atau of Helium, or by 7*2 ate* 0- 4- 15 atn, of 

it la oldar that liclium alters the slope of the oxygen dose-reepon** 

curve, having a fnnaater effect at the lower oxygen pressure than at th* 

higher oxygen pressure.

A final oeries of expoauree was matle, using divided exposiirec in 

which pairs of qniprefl" were exposed to a mixture of oxygen and Keliua at

Preeeure P. for & time t.; more oxygen was then introduced until

P? was reached and the animals then observed until major con- 

occurred.

The three types of exposure -ere a« follows t

2 ata. of 02 4- 15 atn. Keliia for eit^ier 7*5 1 15 or 30 minute*, 

by the addition of 5 &&»* of 0^ to a total presoure of 7 ate* 

oxygen + 15 ata. of Helim.

(b) 2.5 *tn. of 02 + 15 ftta* of Heliuttf followed by the addition of 

ate. of oxygen, and similarly
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(o) 3.0 at** 02 + 15 M»u H«li\sa, followed by the addition of

5 e/tB» Of

Hi* result* of those experiments are prwwnteA in Table 18.

Hue conclusion* to be team from these erposurefi are quite 

forward einoe there is no eignificaaat Difference between any of the vc 

of t». 'lliis Mesas that over the range of prtecure studied the 

of 15 *ta» of Helim did not marfee-ly alter tl.e orfyvokea thraehc-ld which 

in prerioue experiwsnts waa foww! to b* in the reglcai of 3 atia* of

To eura^arie® the ooncluaions frca all the experisente upon the inter* 

actions of ojcygen and Helinat

1» ITeli^j« haa & as«rk»d potentiating effect upon oxygen

a* *3tis effect baa been shorn at total pressures of 20*4 atm* 

greater.

3« The presence of TTeiitaa alters ttse slope of the dose-2x>apo::se 

carve for oxygen convulsions*

4. the ct«inif« in the logarithm of the convulsion time is e^prea 

e»tely in iivreree proportion to th« presc-urc of Helitra added*

5* Kelltn doee not eeee to alter the threshold to oxygen 

•emulsions.

6. Wo specific tihysiologlcal effects *hieh cotdd be attributed 

to ^ie eotioB of Ttelitim were Men during these experiments| the fore 

going conclusions are, therefore, equally valid for the effects of 

per ee.



nable 18 
ivided exposures -dth ox^-h®liua iaixtur«s 

£ »1». to 7 «ta. Gg plus 15 atm. Be

*i
(rains* } 1

7.5 
15
30

*2 
(mina.)

7*3 
*+6
a.7

loet,

0*86
0.94 
0*94

Q

0.35 
0*13

a•

13 
13 
12

2.5 fttrc. to 7 atr:. 02 4 15 ata* He

t 
1

(mins.)

7.5 
15
^>

3*0

\ 
(BtlnB.)

7.5 
15
30

\
(rains.)

7.5 
8,6
9.7

log t2

0.86
o,$4 
0.99

a

0.12 
0.10 
0.16

n

15 
13
14

ate* to ? atrn, Gg -f 15 atm. H»

*2
(mlna.)

7*2
6.0
6.2

log t^

0,96 
0.78
0.79

a

0.13 
0.17 
0.22

n

12
15
16
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8Bpi*i«al equations haw* be*n published by a ms)b*r *f sate*** 

which describe tt* dose~response relationship between Hsl ambient oxygen 

pressure and the end-point being investigated* 2hes* are ma»arised in 

Table 19.

It is clear that most of these equations nay be written in the foms 

P*1 t - constant,

this is the general equation for a rectangular hyperbola whioh des­ 

cribes an inverse relationship between the ambient HU and the ttoe takasa 

for signs of toxicity to appear at this prossure* 3ttoh a relationship 

gives a strai^t line when plotted on log*/log* co-ordinates and Hi* 

preaeat data for major convulsions in mioe have been analysed in this 

way to give the empirical equatlont

* 3.5) - 4*3 - 4.0 log p .........».*.... (i)

where t * major conrulsion tiae in mizmtea o
P . wabi«nt K»g in atn*

A similar equation describes the incidence of miaor convulsionet 

le« (1^ * 3.5) - 3*2 - 3.3 i*e P ............... (ii)

w^iere t «• ainor comrulsion time in minute* %
P « ambient BO in atm.

<u

Jbe data emrariecd by equation (i) above are in cloee egreooeat 

with that presented % Fatom (l%l), tthile aa has beea previoTiely j^m- 

tic9M49 these ie oloee agmenint between the data for minor convulsiowi 

im& that preeented Ip !«M»hall and Lamberteea (1%1)» The equatiom
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Diekene (1^62) and the data of Karka (1944) «*» interaediat* 
in elope and petition between eolation* (i) and (ii) above (Figure 13).

Such a description of the data boot**? ignorea two of the ma^Jor 
faotora obeerved, tNi apparent thgaahold to ocnvulBiona and tha minioni 
reapona* tlae, for anises suitable aajrmptotea are ehoean *xtr&polation 
in OOB direotiosn would predict convulsion* at atflM>aph«ric pa?aa»nra while 
In tha othar would pradict instant convulBlcns at ioigh oxygwn praaatoeaa.

In aa atteupt to ov«rcosaQ 1^as« objectiona the following inter­ 
pretation waa eonaidexad* If it is assumed that the dose*r»apo»»« o\unra 
rasulta from a process which leads to oommlaiona and further that the 
•tape of the cntrve »pre«ent« &» n«y in which Ihe r&ta of ^lis prooeaa 
ia altarsd by eHaagM in ambient iO^t th«i oat aay ra^trd tha convulsion 
Mat aaen aa a oaaaure of this rate and intarpapat 1%» mlniarun r«0ponaa 
tlae aa resulting froa an insraaae in the rate to sma limiting im2.ua*

It ia convenient to plot tha rat© of such a procees as a faction 
of tha Urdting rate against th@ cwioentration of substrate. Hi tilt
praeent oaae, aaauaing that tha oonviasion time t is inverselyo
related to the rate of the process, thon th© fraoUonal rate my be 

liy t^a ratio

Since no accurate estimate ia available for the
tiae tiu» eaaaml foca of tba relationship may be seen if <~ ia plotted

* tha VQ (Figure 14)*

ld CUTVS grl^en by this ssetliod of plotting the data
an afproxinately linear increaae in 7- r^r an inaseaae la K>2 froa 4 ate*

o
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Pressure-Rate Relationship: The Oxygen Dose-Response 
curve (Figure 6) is shown re-plotted as a Pees sure-rate 
relationship, as is described in the text (Chapter
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to 10 at&« hash end shows a pronounced ciirvaturo which tgr 

pslatloa might bo expected to be asymptotic to T • 0 at low oxygeni *•
paw Mures and to T - maxiaiua at higk oxygon pasaaeures. The experiments*o 
which haw been described ahow quite clearly that such extrapolation ie

unreliable since no offocta coulu be de toe ted bolow the threfthold pae«3» 

cure of 3 &ta. t while at higfe yaiMMPt* tbneo was an obliteration of the 

, tho aalaalo oollap»lng without

oapirioal oetuatioiui uaod to <l»«oribo the px^wat data sx* of th« 

fona ? log t . K (vid* ^l^uxe 7), te ppeciee e^iiationa u»ed

(i) log t e » • 0*1 + 8.1 (-J) for major convulsions, and

(ii) log t * + 0*1 -f 5«1 () fo? adnor convulsions.
Ql *

In each oaae the first term on tho ri^it-hand side of the eolation

a tin*, lees than one aincite, vhioh hae teen aeiuaod to inclxide 

a lag due to the finite USA of oocipraaaioa; aod also th» tt«e neooeeaij 

for t3ie tlBfirue oxygen levels to roach a new equilibria following a st«p- 

oba«a» in «M»nt oxygen levelo. Sinoo oevtpveftaion itaelf ttaoally 

oooupie4 eocn» 50-60 eaconda, uiost of the lag tice may be aooounted for 

a* being due to the impossibility of a truly instmtaneowi oovpveeaiociv 

however, if any of the lag is to be accounted for as bo ing due to oxygen- 

uptake time then this tiro is less than one minute*

Extrapolation, in eit^tfr direction, of the zelationahip



log t * «• 0*1 + 8*1 (§} boyond, the v&gwies u&«u in u^rxviii^ it l*ad* to 

the g&ge dilsaaa a* witfe other atteapts to d£j,.oriT^ the dos©~r0sponae 

data* 1£h©r« tbfc line cuts the or linate at - 0,1 Tor sa^es? convulsions, 

the CTtnlwi response tine awst be assmftd to lie sssro, if as lias ^ust

diw«us»ed. t>ii» «mstant is ti*ken to rcprD^mt tb0 CGfflpreBBion plus 

tl;^. On the ot) or h^id» astrapolation towams loser preswtreo giv^ no 

indication of m throshold :g'ae^uga whl<^ irauM be repae®»s«it»^ 1y * awci* 

sua ooiiv- vision tl;^. it .1,., thBrefore, clear that all 1^ da^cripticrsi 

of th-s dc.--j-.vaepon«c enrvft tso far used ar^ iimdeqiint©, since th?y do not

ocaartmt for two of thfi ^z@« asi^ote of thft rtiUtianship,

viz* ih^ tlireshQlil and t^¥? miiiiinaa reejioirmfc tine, «hil« &11 oaybe uaed, 

with different d»gr««s of confidence, to OeBerittt tha ouafmlaygi of

Xt is a^pNit»i that tr*Q jaost paeofeabl© •e^pl-i^miica for this i»- 

is that otli^r s&pg&ate fetors, not so far ta^ren into .icoount, 

f tea? tb@ Bi)a jurano* of a thrfahold «a\d for

unexpectedly per:,ape tl« pa?e«eEt stadias have chown that 

of ^lc@ ta paegimre-s tselatr ^se fHar«^hcia ^.^MMUM* had no 

-> effect upon •uU.-e-.u-nt «xpomir«@ at a higfeer pa*0«»nr@,

of th@»* rofTalt£ io givun in Table 20 ov»rl«&f« 

tffortu to defir» a ^cvoicad thxtshold Tor raie* eiw * 

close to «n ambient pre«3iiro of 3 a^onp^ree of oxygon* It 

be stftin that ccnrrulaiuue were never pro-roked at initial ptwJMtturea of 

3 atffi., »^iu?dle£sa of ffh&t othor £^s ms rr09«ntt and that



f^able 20 
Th* Provoked rairb ahold

Gas mixture teea tried
i

°2 
°2

c2

02 * S02
oa -f co2
02 -^ H*
°2**

Preeaua?e of first exposure
(ate*)

1.0 
2*0 
3.0 
4.0
2.?
3.0
2*0
2*5
3.0

ffect «9«B

"*

»
~
-

^^

was absent at 3 ata» in tb& i»*»eno« oX eitlier Garlxm 

or lieliuau Biia 4o*f not dieae^e with t-.e finiiing^ of Uatteo and Halms

) tii-at RJUw whioii ware first expoaad to 3 ata* or 4 afeu of 

for ti»a« shorter than thoce loadlne to oonvuleions, tsuba«q««r tly oon- 

vulead in si^nilioaxit n«ml»rfi during a ••oonfl exposure. It is alfio

with thD obtex-vation of I^arahall and Lembertaen (1561) that 

did not oor^iliie at a K)g of 3 ate* of oxtfgta alooe, bat 

convulse at that p£*8@ttre In the prottwice of Cartxm tdoxidej if

inta a«o«wit ti.e dlffcrcnoo in a:-. • . - ..c-;.-* In tije restricted

of 90 minutes Fjunrimll and La£ttierts®xi found tbo threshold for oio* 

to te 4 ata. vhile tii« present woxk haa found & threshold of 3 atBKMgte 

after an exposure of wsm 5 to 6 hours* It should to noted that there 

no evidence that *ith«r Carbon Jioodde or llaliun lower the provoked 

tlireahold.
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la apite of the failurs to show aub-limi»al offeotu it 10 quite 

likely that acme occur, einoe other ei^e of 099900 toociclty uiutouttedly 

earner at lower preawur&e, for example, pulaonaxy damage. £h» tern 

threshold 10 thaa not particularly apt and it 10 suggeated that It «i«ht 

be preferable to talk of a soinlouBi effective pteeeittw, or B.P.5® defined 

a0 that ancient oxygen pareesure at which on» half of tb» population will 

following on indefinitely l*Mg

Ho juetilic. tion liar so fa* OO0& given for equating 

pceesure with the oormO.«ant ctoa*f for nhilo thie i© both 

renlent it implies a relationship bettreea ambient o

and 0999011 tenaion at th» critical oit* which 10 in fact not known. The 
a00H»pti *i used in tlie y,rosent work ha0 00011 that this relationship 10 
linear, siiioo simple phy0ioo«Qrt3mical &um»lofixati^jna wo>uxd lead one to 

expect a linear increaue in tl^ ooaooitretim of ossygen in ^i» U00U00 

with increasing pre0Buxe.

of y^rioua oacygen levels available in the literature at* 

in Vablo 21, fr«« which it oan be 0ee» tliat Vm®* fignvra 080 
Inadequate to test the nature of any relatiraiehlp* $h» initial difficulty 

is the idtntifiofltion of the critical site at whj.ch chauge0 in 00990* 
teneioa will &Lv& rise to si^^ui of toxicity, oe t: r?e Ifc ootiaiderable 

0»lA0ii00, Cha«0e et al (1965) Hatt0ftbVd (15*>B) tlmt the d^relopMzit of 

convul alee* 10 aaaooiatad with derw4J«^t of tienue glyeolybie or eoezflr

it 10 perimpa not too fanciful to plaoe thi« orltloal site withla 

cell at the eurfaoe of the mitwsftwndria, Letminger (IfM) Lwaberg (1969)*
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Tfce uraal aaavaption that the tiaeuea are in equilibrium with the

blood iav in euoh * situation, mi8l*«din£, since tbe aitoohendria 

nay be regarded as "oxygen ainks". There is thus an oxygen gradient from 

the cell-eierabrane, whioh ia aaatawd to be in equilibrium with the venoua 

blood, to the mitoehondriaj vhioh will be at aona lower oxygen tension, 

In a discussion of various experimental estiiaftte* of the K>2 gradient 

within tieauea Forater (1965) qpotaft -values for the oxygen gradient of 

MB* 13*10 an, Hg* and calculates that the data of Ghanoe Cohen Jobsia 

•fid Sohoener (1562) give a value for living rat cerebral cortex of 

13 «a. Hg. If theae results may properly be applied to the oxygen 

levela reaponsible for convulsions, the aoet aatiafaotoaey guide to tiaane 

oaygen levela will be the venoua i<>2 whioh will be greater than the coqrgpn 

tenaioo at tii« oiitical sit© by BOESO 13 to 30 aa* %*

An eatiaate of the level at whioh toxlcity occurs may be mada from 

the following obeervationa:

(a) Tenons B). levela at 1 at&* of oxygen range froa about 30 to 

70 8tt* Hg, via. Table 21*

(b) Lattbertaaa et al (1933) found that convulsions might occur at 

3«3 ata, of oxygen when the Jogolar mixed veneua blood ahowed an oxygen 

tenaion of leaa than 100 aai, Hg.

It may therefore be inferred that the oxygen tension whioh will pro- 

doee oonvulaiona in man ia represented %y a venoua :0£ of between 70 and 

ICC JBZ*. Hg* This ia probably equivslont to a tension at the critical 

site aoa* 13 to 30 am* %• lees, timt ia of the order of 40 to S3 on. Eg* 

The Threohold and C Cons\2mption

In expoaurea to raieed oxygen preasuree, in spite of the faet ^at the
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arterial P0g may be many tiaee the normal level, tha quantity of 

par tmlt voliaae of blood la only increased by the gaa which diesolvee in 

the plaeaa since the Haemoglobin ie folly aaturated Bert (187B) Gesell 

(i;23). Homo* M»i£* Brumoelkacip Bra* fcensch Kaaer»ane Stern Hanf 

and Tan Aalderen (IS^O) have shown that at about 3 atra of oxygen Hal 

quantity dissolved becomes sufficient to meet the saetiabolio requirement* 

of the tissues} while at lower preset**** the venous POg ig little dif­ 

ferent from normal (Laaberts«n et al (l£335)t above 3 atou the Mount of 

dlseolved oxy^^en is greater t^ian i^ie amount needed by the tissues and the 

is raised. It is thfigefore soggestod that tha apparent 

to convulsionB depends to a groat extent upon the fact that 

the tissue oxygen teneion e@n only rise when the quantity of oxygen avail-* 

able oxoeeda the quantity being oonmsoed* ..ccor^i,^ to this vierr the 

rate of oxygen conswiption will largely determine the threshold to toxloity, 

Inherent differences in oxygen consumption between individuals or epeolee 

may thcta partly explain the different degrees of tolerance to oxygem 

which are observed*

'. hile siioh a view nay *>av* the oierit of B^Oioily it should be 

noted that such figures aa are available show raised venous oxygen 

tenclona even at 2 a to, ac^blent p««flmire.

Uhlfl situation might perhaps be explained by alterations la perfoalon 

of the tiesue, for inatance by the opening of shunt pathway* M 

oxygenated blood ^y-paaceD the tissues without losing all of ite 

However, it ic clear from the polsrographio studies of Basn (1961), 

do&a and albino rate, that -hile he foimd oonaidexiable local variation*
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la 1fe* oxygen level in different part* of the brain, all were above 

noraal levels at an ambient oxygen pressure of 5 aim* Indeed, Bean 

concluded from these findings that the level of oxygen in the jugular 

venous blood was not a reliable index of the variation* in oxygen level 

observed in the brain, 

Ifoe Process te Convulsions

It was concluded in Chapter 4, aa a result of the summation of partial 

exposures that the process to convulsions might be considered to be 

approximately exponential. The reasons for this view are presented 

belowt

It is assumed that there is some process leading to convulsions v hich 

is defined in the following manner

1* Exposure to an oxygen pressure r., greater than the minimal 

effective pressure, leads to changes which can bo detected at some other 

effective pressure.

2* This change may be measured by titration to convulsions at a 

second prearmre I» .

3. The amount of this change may be judged by the difference between 

the time to convulsions tg, measured at pressure Pg , following exposure 

for t- minutes at the pressure P.; and the time to convulsions t - at 

P in the absence of any prior exposure.
&

4. An increase in the tima of the first exposure t. will lead to 

a decrease in the observed tine t», since partial exposures have been 

shown to be additive (Chapter 4)*

5. She manner in which t£ will decline towards zero from an initial 

value of t n (for the pressure P0) say therefore be taken as a reflec tion
CZ A
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The Procesn to Convulsions: The Partial 
exposures contained in Table 5 have been analysed 
seni-logarithmically to £ive estimates of the r-t 
of the convulsive process at 3.0 and 4.0 atm.
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of the way in which the effect of tfos exposure t^ at pressuga 2^ in­ 

creases with a lengthening of the time t- (this effect will increase frco

cere towards a mayimaa represented by the time t , at which convulsionsCJL
would occur at the initial pressure FI ).

Inspection of the values of t^ in fable 5 shows a decrease with 

increasing values of t., the change being sost marked initially. In 

order to compare values from different exposures these were converted 

to a standard fona bar expressing each time t_ as a percentage of the con*

vulsion time tc2 for tr^e particular pressure at which tg was being

a semi-logaritmio plot of 100 (7^-) against t. is ahown in Figure 15 fromV ^
which it may be seen that the half-time for the process at 3 aim* is about 

35 minutes* while at 4 atm« it is about 22 minutes.

Since a linear relationship exists between tho logarithm of (t, -f t,) 

and the logarithm of t^, it is clear that tho graph of t. against the log* 

arithn of t^ can only be approximately linear, but it may give a satis­ 

factory estimate of the initial rate of the process* 

Recovery

As was shown by Honald (1947) i& raa« sud by a zaimber of authors for 

anisals Bean (1945), recovery from oxygen convulsions occurs in spits of 

1tte fact that in isolated enzyme systems the reactions may be found to be 

zevarsible, irreversible or partially reversible Hsagaard (1568).

BMasaaent ia^iMQr faay however result f roa exposure to oxygse as wtm 

•town by Bean and Siegfried (1945) who produced rmmrologioal da&s«s ia 

rats by repeated exposures. These finding have boon confirmed by Tarn 

jDsn Brenk and Jaaieson (1964) and clmracteristic lesions in *»f«al« show­ 

ing oxygen tiutaool paralyses were described by Bedentine and Gutsche
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Tiro type* of lesions were found* fyg* A «»sisting of the focal 

necrosis of individual neurones* and ^yye B where th»re waa complete ear 

partial necrosis of nuclear groups with daaagt to the myelin sheaths, the

end the glial cello. Both types of lesion were usually syaiuotrioal 

bilateral end were aeet en non in the baaal ganglia, brain stem and 

spinal cord.

Delayed recovery from the effects of oxygen haa been reported fey 

Katteo and ffiafea* (1$&5) who found in exposures with mice, that the effect 

of a single exposure, *hieh was not sufficient to cause convulsions, could 

be detected aa a saneltieatioa to any furt.er exposure for aa long as six 

days afterwards •

Kauftaan Owen and Laiabertaren (lS5^) coapared the effoots of exposing 

t*o groups of g*iin®a*-j>igjs f th© oontcol group, to 3 ate* of oxygon* the 

second group to alternating oxygen paroeturea of 3 ate* for 30 aiimtes fol­ 

lowed by 0.2 atsu of oxygen in nitrogen for 10 minutes. The mean tine 

to convulsions for the control group was 5.2 hours while for those anlsials 

with intermittent exposure the convulsion tine was 17«0 hours* This 

expericient wae interpreted as showing that "the rate of recovery from 

oxygen poisoning exceeds the rate of development" * (Lambertsen 1955)* 

Implicit in this statement however is t&e asswiption that the rates con- 

aecned are linear, and if this is true the rate of recovery would be norae 

1»8 tiises tlie rate of devslopiae^t. ~jja0e evidence has previously been 

presemtad to siiow ti,at t^o proceca to convulsions is non-linear, the rats 

of recovery cauinot exceed tiia rate of development* Although it is not

wl»ther tie recovery process is or is not linear; if non-linear 

exponential, a rate of recovery soae two-thirds of the rate of 

develepswnt of convulsions could aeoount for the convulsion time observed*
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oxygen pressure in atmospheres.
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ata obtained from Uroeophila ware analysed by Fern fhllpott 'eehaa 

tting (126?) ith the intention of testing whether or not ffi&mltan* 

recovery night be talcing place during exposure. The method use* was 

a Bodiflcrtlon of that attested by Blair (1932) for the degree of excit­ 

ability of tiaaue under the Influence of an applied voltage, taking into 

aeooont a aiaultanaeae recovery process. In the case euggeeted ^ Blair 

toe equation simplified toi

v-a

E « rheobaae 
7 - applied 
t -

In the form used tgr Fern et al the rheobaae waa equated with Hie 

*«ire»holdf for l^roeophila which vaa taken as 0.21 at»* and the equation

f
( '(iOt . 0.21

( ^ ) A plot of leg )r'<j" ' ' J Q gjT) *6*i&*t the tioe to the end-point waa uaed te
teat the fit of the data to this equation* She restate vere thought to 

be inconsistent with the view that aiamltaneous recovery occurred in 

Droaophlla*

A elnilar plot of log j^ — TTT aSa*n*t convulsion time for mice 

Figure 16 ehow* a curvature above about 7 fttB* oxygen preeeure. Itowever, 

the original derivation of the equation by Blair aanaaftd that tto effect 

fp« waa directly proportional to the applied voltage *?*• The rate of

•eoovery wae taken ae being proportional to the a»anita<^ of the effect

*p*. In tlte pEeeent oa*c, the effect at higher |a»aeuree wae not 

directly proportional to the ambient jyeaowe but eeened te aypateaeh a
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limiting valu» ft* is suggested % Fi^ui* 14* OBA would therefor*

a plot of tt» logariH» of V^ "f VV against Us* 

at low pros jure, but to deviate progrcneively from linearity at

pressures. It can bo seen froa Figure 16 that the findings aze consistent 

with this riew.
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It ha* seen concluded froat the experiments described in earlier

that Hie convulsion time following exposure to oj^ygua at raised 

pressures stay be modified by the preseaoe of other gases* Prior expos­ 

ure to oxygen and exposure to oxygen in the presence of added carbon 

dioxide or of Helium all accelerate the onset of convulsions, while 

Kitrous oxide delays convulsions and HitrofSft appears slightly to accel­ 

erate the onset at low pressure* and to delay it at higher press

The most convenient atsaaary of these actions is obtained by plotting tb» 

logarithm of the convulsion tino for tlie various gases to be considered 

against the inverse of the ambient oxygen pressure.

fhis has been represented diograanatioally in Figure 17* 

Si general, it say be seen that an interaction with another gas oould 

modify the dose-responso relationship either by quantitative alteration 

in the position of the line, described by Ite slope and Intercept, or 

qualitatively bgr an alteration IB the response from linear to non-linear, 

fhease is, however, no evidence for aa^r de|«Grtea» from linearity das to 

the interaction* being disou@sed and all the data may therefore be des­ 

cribed in tenas of the alteration in position of the dose-response line. 

The Sjjgiifloanoe of th»...$lQ.as,

The slope of the line being considered is of course the constant 

Jte the equation I' log t - F. Any alteration in this slope therefore 

describes a nhangt in the relationship between the convulsion tirae and 

the ambient oxygen pressure, A proportional change in the convulsion 

tis* as a result of an interaction would lead to a parallel displacement



FIG. 17
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Diagrammatic Summary of the interactions 
between oxygen and other gases. In each case 
the solid line represents the oxygen dose response 
curve, the interrupted line the dose-response in 
the presence of the interacting gas.
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of tfoe doie-reeponee line ouoh aa ia eeea in Figaro 1? (b)| however, 

a pcroportio&al ohangi In am exponential rate, ouch aa hae been auflgested

for the process to ccmruleione, would lead to aa alteration in the slop* 

of the doae-reeponae line. Thoa it i» suggested that the neat likely 

explanation for such a change in elope la that it rosulte fro* the in- 

fluenoe of the interacting gaa upon Hie rate of the prooeee to oosmilaions. 

In the o*ae of Haliua, Figure 1? (d), the reduction in alope sees* to be 

apf«oxi*ately proportional to the peeaaur® of Haliat piaamt» The evi- 

deaoe for Mtroua oxidfl, Figure 17 (o) i@ leaa ooncluol-ro t but pointa to 

a eimilar rolatiaaBhip* In the casee of cs^irbon dioxide and ITitroget, not 

only ia there an alteration in the elope trat also in the Intercept, that 

is the minium reaponae tirae I* considerably d»lc^d. This ia to la) 

ezpeoted if the effeot of anaaathetio or narcotic caees ia to elow the 

rate of the convulsive process, ainoe eren the fastent rate will of 

oourae be retarded end the minima xeeponae tine prolonged* fhilat 

auefa an affect aay »l«e result fxxm expoeure to Hitrous oxide, it waa 

act detected with tfas prGeouroe ucod. 

Sitfe flf [AoticM

Surgical atteaifta to define a site from which convulsions may be 

•aid to originate hejve been mexle by Bean and Bottsohafer (1933) Gersh 

and Pfoiffer (1944) «ai MwitegaBaini (l$54). Saa work of tho earlier 

authors supported the view that oormilaiowi irar© no«-«pecif ic in origin 

while tl\at of ^antogiuwini au^geeted that oxygen convuleiona might 

ori^inAte eub-oortioally*

Wot only ia there therefore sorae doubt aa to the anatoadcal site of 

action of oxygen in producing convuloiona, but more apeoif ic&lly doubt aa
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to what cells or parts of cells are susceptible.

It has been a*sa»ed that the site of action of oxygon is infest* 

eellular, possibly at the mitochondria! surface. Such a view depends 

upon the assumption that t!» toxic effects of oxygen reetalt fro* an 

interference with normal tissue oxidations* As Hsugaard (l$>68) remark* 

however, fThe aelecular mechanisms involved in the oxidation of labile 

eoBatituenta tgr oxygen Inwe y»t to ^ wiitrstood 1 .

Altliou^b it ia perhaps unsatiefaetory to implicate interference with 

•en* l^psrfectly understood oechanism, it i« sugsgested that «» bypotlsetioal 

prooeee to convulsion* p»proeents tte r»t*»liraiting «tep of a c^xslic or

reaction imolired in tinerue oxidations and ifcat «» kinetics of 

process may assist in identii^in^ the critical aite or sites. 

Interactions with this process may represent intorfertsnoe at the ease or 

adjacent sites or, in the ca@@ of anasstheticB, possibly at the cell iaom»

affecting aiygen diffioaion into the ooll* The evidence presented

to show that Nitrous oxide and Helium, which alter the slope, behave 

differently ffeoa Carbon dioxide sad Nitrogen, which alter both the slope 

anfl the intercept*

As has already been mentioned, these is evidence that carbco dioxide 

aey enhance the toxic effects of oxygen in Brosophila, Willieae and Doeolieg 

(1944). *a* aain effect in ^amnala, however, seen* to ba a result of 

vaeodilatation which leads to higher tissue oxygen levele, Larabortsen 

et el (1953) (1955). The finding that Carbon dioxide levels which pro- 

significant effects at 5.4 ate. of oxygen had no detectable effect
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at 7*0 &tou of oaqrgen Implies that maoh a view is an ov»r-eiaiplifioation. 

If it 1» thotw^t that convulsions occur earlier &» to YaaodilataUon, 

•one point will te reached at which th* vascular effect* ax* 

fc» result at 7 atra, therefore goggssts that vascdilatatlon 1* * 

at this pcescnnre in the absence of Carbon dioxide arid hwno* that 

dilatation occurs as a result of increasing oxygen pa^seure. It may 

be ^at the increased (tensity of the respired gaa leadfl to & rise in 

endogtnftts Carbon dioxide levels due to Increased respiratory work and 

poor oiling of PHI in tiie

ooncl^ed from the experimental findings l^ist Hitroiis oxido 

Blows the rate of the process to convulsions, it is a matter for specula­ 

tion aa to how and where this interaction could take place, fllnce the site 

of action of anaaathBticG is also unooytnln. Patott aad

effect of Miirog^n is so similar to that of Carbon dioxide that 

it la tempting to KLam@ gaa density, leading to Carbon dioxide retention, 

for the acceleration of convulsions seen with 2 at@* of nitrogen, Th»ro 

i», however, little widen for this, indeed Ra*hbe*« (1955) ahowed that 

novmal alveolar Carbon dioxide lewl© oou3v4 b& maintained in sseti 

air at 10 atm«, alitiou^i whether this would be true for mioe at 

Is not kr-ova*

possibility that the addition of Heliua acts only by 

pr«««ape au«t be considered. An acceleration of convrilniono by 

Hsllua waa obTOrwd tgr l«Bn»tt (1^7) in ratsi a finding ttv.t he



to oaxfeoa diexida retention. ttBW«i t KUlor at al 

ahowod affaota In Triturua at e<xuiv«lent preeeuree of Hellua* Soon or 

l\ydroat*tio pre«8ure whloh enggealftd that convulsiona aeen at aiailaar 

hiife peeaeureB of Hallua might be a function of preeaure rattier than of 

tha 0aa bremthed. Ffcim (1567) haa reported acne «xparl»ent« in vhlah 

41 fttau hydroatatie preaavora Inhibited ths growth of Streptoooaona 

faaaalla to tha aawi dagroa aa 41 *tm* of Haliua. (n^r« la thua arJJaoo 

to auppoart tha vi«w that ^ta affaot otearvad with Halloa la dua to pr a- 

aara par aa» wMoh aa diaouaead ty Fam aay p*rh&pa aot %gr pravantinf 

tha Toltaaa inoraaaa vaanltln« fttsa glycolyoia. fha affeot upon oaiy^an 

•onwlaiona ia Attao^Ua at a total praaatiro of 20.4 «tB« t wHloh au«*» 

gaata that tha affaeta of praaaturo upon othar physiologioal prooaaMa 

ai^it be dataottd at similar prattnma* Tha aqulvalant depth la tha a»a 

ia about 200*250 raetraa, aj^apoxliaataly tha dapth at which tha author haa 

observed tr«nor la Mm and about half tha p&aasuva at which treaor waa 

aaan In aioa.

toxic effects of oxygan at rais d preaauacaa which result in con­ 

vulsion* in aioa may be described in tha following waji

1. vh»n ajtpoaad to an aaMent o^ypm popeaaure abowa aooa a1nl«ai 

effective praamnre (Uareehold) ^tere ia an inoraaaing tendency for 

to oonwlaa which «ay be daeoribed Iry a hypothetical pxooaea 

ooorulflione,
2. Thie pvooaaa followa en approximately exponential course with 

tha vat* of the proceue being proportional to tha embiant



3* ft* apparent thraahold way ba Am IB part to tfc* limiting

of foot of oxygm oonauaption upon tha Uaaua PQM ba* * 9*000*8 ofz
raoorary aay alao ba involved. Tha rata of tha racovary pvooaafl Bay 

ba thought of A« balng indepaadant of paaasnae*. but proportional to lha 

acnoantration of aaaa hypothetical product of the oomriilaiT* pocooaaa.

4* The relfttionahip bataaan ilia oocvuleiTO and tha reoo^ary 

prooaaaaa is axxth that nt preaareraa below tha mlni«« effective pcaa<mr 

tha orltioal ooaoantrati^i of porodtiot naoaaaazy to initiate convulaioni 

ia navar reaebad* At the mLnlawo effeotiva poaaavipa the rato of pro­ 

duction ia aqual to tha rata of raaoval of pro , not, while above thia 

praaanre the rata of production aaaeada tha rata of rawoiml.

5* Ilia rata of tha aonvulaiva pvoeaaa inoraaaaa towarda aoaa 

with Inoraaaing oaey^aB praaevraa and it m«gr ba

that tha Kiniwai rasponsa tisia n»ay tharafora ba dua to ptrogre solve 

activation of ona oar ttona anayioaa by oxy£patt at jwaaoura,

6. Tha intaraationa etudiad laajd to Hit viaw that tha oonvoleiva 

Mgr ba aocalaratad or rat*rda<5 by otl^ar eaaaa and that t&ara

are two principal nodaa of intaraotioat naotalyt

(a) Interfcrenoa with eallulax funoti(ma by tha anaaathttio

(%) fb» affaot of praaaare upon ^MI phyaioal atata or

reactivity of ew^aag or raaobwita, laading to dis­ 

ruption of normal proeaa&eat and paa^ibly a third 

aonaamxant upon afetMflta in intraoallular pH,
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