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The steepest fall In rectal temperature cceurred after the
enoxia end ve valuos for heat production wers derived.
The wost axplanation for theee ppuricus valuss of
producticn is that heet wes redistributed within the
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There was an abrupt increase in heat loge st the time
(340 minutes) of veflex defesetion.
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Relgtively short sncde eplscde with little decrease in heat
production during the ancxia end & corvespondingly larger
caygen debt pay off in the absence of a retum to contyul
rectal temperatures, mmumm,wmm
transiently exceeded pre-snciic axypen consumption,
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an oxygen debt by indirect ecalorimetyy.
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production, Under these clrcumstances, conventional measuro-
ment of an cxygen debt bty indirect calorimetsy would have come to
the opposite conclusion, nsmely that the second shortesr ancxic
period had a larger cxygen debt pey off,
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INTRODUCTION

The presant thesis is an sttempt Lo study the emergy metaboliem
of newbom pupe subjected to anaxia. xouwnquy,mmu
te evaluate the relative role of ansorobie and lowered metsboliem in
anoxic pups. This is because at present the many lines of evidence
;ormummdmummmmmwm-m
guantitative importance of &Hnr. Thus, the possibility that 80F of
mwewm-hmwMuemm
equally plaueible and likely as the possibility that there is an 80
decrease in snergy metabolism during ancxia.

hmm-wmuuormm;,mmmc
tecimiques were employed. These were the methods of direct and indivect
ealorimetry. The details of the methodology and the results it yielded
will be presented after a review of the pertinent litersture.



HISTORICAL

Encwledge of the fact that infunt mamale can survive longer
periods of anoxls than adult members of the same species extends back
several cemturies. In 1651, William Harvey reported cn the delivery
of visble infants by cacsarean secticn some time after the death of
thedr mothers (.4 ). The eariiest esperimental data on the nocnate's
ancxia tolerence appears in the writing of Robert Boyle {13J. In
1670 Boyle wrote that:

"These tryals may deserve to be prosscuted with further cnes, to
be made not only with such kittens, but with other very young snimals
of different kinde; for by what has bemn related it eppears, that those
animale continued three times longer in the Exhausted Receiver, than
other animale of that bigness would probably have done.®

Bobert Doyle alec demonstrated that in & vacuwm the flawe of @
candle or the life of an amimal were extinguished { 97, At thie time
the difference in ancxia resistance between adult and nowborn marmals
could not be fully appreciasted because Boyle's cbeervations preceded
the concept of cxidative metaboliem by more than 8 century.

By 1772 the respiratory gases hed been isclated. Although Priestly
contributed to thelr discovery, he interpreted respiretion as "the
phlogistication of dephlogisticated alr® (4.). In 1775 Antoine Leuret
lLawoiser proposed that regpiretion is a combustion process, in which
cxygen ie combined in the body to form carbon dicxide snd water, and
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that this process is the source of animal hest (97). Although Levoisier
vecognised the chemical identity of the cxidative process of carbon in
& candle flsme and of carbon in a guinea pig, he hed erronecusly assumed
that cxidation ocours in the lungs.

The writing of Sir Ashlay Cooper in 1790 ave the firet to call
attention to the remarkable effect that varying temperature has on the
effect of drowning nevbom mamals (36). He submerged puppies and kittems
for 10 minates in water at four different temperatures. The snimals sub-
merged in the wamer baths were more active initially, but became in-
active sooner than those placed in the cold bath., After the pupe and
kittens had besn immersed for 10 minutes, he exposed thelr viscera.
Animals that bad been in baths of 100°F, or wamer, showed either no or
cnly momentary myocardial snd intestinal musele activity while thae sub-
merged in 56°F, or colder wmter, showed myocardial activity for 19 te 30
minutes. This demonstration that cold emables the newbomn and his indi-
vidual organs to function for longar pericds of snoxia has been confimmed
repeatedly,

In 1812 Julien Legallois conducted a series of experiments on death
by asphyxia (74). He concluded that "The existence of the individual is
produced by a certain impression of the arterial blood® upon the tissues
and that "Life ean enly be maintained by the continual renewal of this
impression®. Although he knew that the production and elreulation of
arterial blood depend on pulmonary and cardiac function respectively,
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be could not define the neture of this “ispression®, Ke, 1ike Lavoisier,
was ignorent of the role the cireulation plays in the exchangs of ree-
piratory gases. | |

Legallots demonstruted thet the abllity to survive a tesporary
deprivation of thie "impression® depends on the particulsr species and
diminishes rapidly during esyly infancy. tie found that, "the asphyxia
which rebbits can bear iv about seven times longer st the moment of
birth then ab the adult age; it iz nearly the seme with dogs and categ
wheress the newbomn guinea pig can wnly beer one which is scarcely
double of that supported by the adult (74). He related this to the
mmmmzmﬁamammummut
ond being so mature thet they can run and "chew gress on the day of
thedr birth®,

Teking cessation of gasping movemente of the Jaw as a criterion
of desth, Legallois foand similar survival times when the production
MWMWN&QMMW%&&M&M
ing, vemoving the heart or cpening the thorex.,

This prolonged activity of the medullayy respiretosy centered
despite the intesruption of the clrculation points to a local tissue
resistance to anoxia. Legallods aleo showed that decepitstion produces
muwummmmmmwm

%MMW& respiration depends upon a particular
emall part of the medulls oblongata situated st s small distance
m{wmmmmmmw«mmc
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signs of life as long as they would if they were not disjointed but
asphyxisted together. By malntaining the trunk on srtificial respire-
tion, he woe able to elicit signs of 1ife from it for several hours,

Legallods alec recogniged the importamce of temperature in deter
uining the snoxia resistance of mamsals. He wrote "Cold modifies and
pmtmtgmMoxm, in a very remarigble mamner, in
very young animals. This is a curicus fect, capable of important appli-
cations to the husan foetus; and connected to the theory of hibemation
in cortain enimale® (74). He imtended to pursue this cbservation fur-
ther, however, tmmhmhiwwmuuﬂ;dnﬁu'meuc
of bs ‘

In the firet pamt of the nineteenth cantury, W. F. Edvarde cotad
lished & correlation between an enimal's ability to resist ancxia and
its mh#lﬂdﬂm. He found thet WIf at the temperature
hﬂmlﬂ”nﬂﬁﬁnmr%mmumunqutmmar
tuo from its mother, its tenpereture falls considerebly, and ccntinues
falling until, mthsmctthmortmw;it stops a very
fow dagrees above that of the surrounding alr® (36). He determined
that kittens, rabbits, and young sparrows show this same polkilothernic
behavior uatil "the perdcd of the opening of their eyes.” fach of these
paikilothersic animale was able to survive amoxic periods of about 30
minutes of anoxis. He strengthenes his contention that poikilothemia
end ancxia reelstance are sssociated by showing that hibermating
mammals, fishes, reptiles and enphibians, slso have a relatively high



anoxia tolerance.

Sdwarde alec confirmed the finding that cocling increesee ancxia
tolerance, however marked eccling below 10°C reduced survival in the
newbom kittens. |

The relation of ancxda resistance with poikilothermia plus the
demcnstration that shorter periods of anoxiaare lethal at wamer
temperatures led him to the conclusion "that heat, whether intermnally
or extemally produced has the ssme influence on the duretion of 1ife
in asphyxia® (36). He falt that "an individual in & state of asphyxia®
should be cocleds In contrest to current teachings he wrote that, "if
instead of cold, continued warath were to bde applied it would be one
of the most effectual means of extinguishing 1ife.”

in 1832 Thomas Numnelly described the process of recovery in kittens
that had been sulmerged in §7°F and 100°F water for three and one half
to ten minutes, Immedistely after they were removed from the bath, the
kittens were profoundly depressed, as svidenced by insctivity and slow
gasping respireticns. He pointed cut that the longer the submersion
the more proncunced the depression end the nlu-r the recovery. FKittens
submerged in the wam bath were more deppessed and tock longor to ve
gain their ordinary tempersturee than thn- kept in the colder water
for en equal time (36). | |

The next investigator to call attention to the aﬂ'ﬁt of temperature
on anciia resistance was Paul Dert who wrote in 1870, “thet cat litter
mates sutmerged in water at 20° survived 26 minmutes, while at 36 degrees
the time of survival was only 113 minutes® (45).



6

Later Paul Bert (11) published dsta which show severel distinguish
ing features betwesn agphyxis in cne month end three day old kittens.
The esplynia wes produced by placing cats in closed vessels containing
air st presgures from TS0 to 134 »m Hg. He found that given the eame
amount of aly per unit of body weight three day cld kittems reguire
sbout four times as long to asphyxiste as one month old cate. These
eporiments suggest lwo factors that may contribute to the increased
ability of the young kitten ¢c resist asphyxis. His dsta ensbles one
to caloulate the averuge mte of oxygen coneuption during the period
of aplyxia. The aygen consumplion per kilogrem per wmit time wae
four times greater in the one month old cate than in the three day old
- cats. The other finding wes that the younger animals were eble to ex-
tract relatively more cxygen fyom the environment. Thus, the lethal
oxygen tensiocn forthe older group wes 33 2 3 mm Hg while for the thres
day old kittens it was 17 ¢ 1 = Hg. The point of death for the cats
in each grouwp regularly came at these lethal oxygen tensicms deepite
four fold or greater variations in dhanber else, scbient pressure and
m.diexi&aw:l’ﬂm-

Degpite theso eerly cbeervations on the remarimble ability of new-
bom maermale to survive leang periods of sncxia, compared to the adult
a conprehensive explanstion of the mechanians involved has not been
presented to date, However, twentieth century investigators have pro-
- posed @ host of theories which will be reviewed in the subsoguent section.



ANCLIA BISISTANCE AND DORTURITY

During the fivet half of this century & maber of etudies appoared
shich confimed the sarlier cbservation that immgture enimals es Judged
by phylogeny #r cntogeny bave increased ancxia tolerance. With this
finding there has alsc been 8 search for the particular distinguishing
features which sccount for the difference in ancxis reslstance.

Ihe effect of age

Legalloie found an 807 decline in the rebbit's encxia resistance
aﬁmmﬂmmmorma. Siwilar rapid decresses in anoxia
tolerance have bm' derongtrated for other ppecies by expesimentis con-
dacted vﬁore than a century later.

ni. sbility to eurvive ancxia at birth and the rate of decline of
tolerence thereafter depends on the ppocies. 'ost of the disparity in
results reported Ly investigators working on the sax¢ gpecies can be
attributed to non-unifommity of emperimental conditions, Thus, differ-
snces in amblent terperature, method of producing anoxia snd criterion
of death all will be reflected in the results.

Pecause the decline in ancxis resistance is so proncunced frmedi-
ately after birth, some investigalore have suggesied that ancxls (cler-
}lnuu is an adaptive responee io the lypoxic conditions of intra uterine
1ife. Thus, with the cecape from this hypaxic envircmment, st birth,
the adaptive response is lost. A study by Glase ot al {45) is of parti-
cular interest in this respect. Thay detemined the time of the last
gamp in newbomn rebbite placed in nilrogen after gestation pericde
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senging frem 29 to 35 days. (in the rebbit, the gestation pericd can
be Inown with accuvecy since ovulation regularly occurs 10 hours after
mating. The nomal gestation pericd is 32 days.) It wes found that
MNmuhdumwmtaImthtmﬂtm
Fabbits thet were one, tw, and three days postmeture had wmmetly the
same decyense in survival tinme g8 term mabddte that had lived a corres-
ponding time in the nest. Thus, the decline in ancxis tolerence is not
amammmmtu‘mmo:wﬂuu

The smmo increased anoxis resistancs of the premsture has been found
in monkeys (67, 122), lasbe (30), end rets (14). Yabry (77) bas reported
on 8 3 1b & on infant who st the time of birth suffered 15 to 30 minutes
of ®otal encxig®. Beversl pgychologic end nourclogic evelustions dur
ing the 20 months since then have falled to revesl s significant deviation
from the nom. %his baly dewnstretad more then the usual ancxia tolerunce,
peshaps because he wes an estimsted five weeks premsture. Thet postmature
infante have diminighed ancxls tclerance is suggoeted by the data of
Walker (112) who found that, "Death from emoxia in esecelation with d4€f1-
cult labour is extyemely uncomscn wntil after tems, and £37 of all such
deaths cocur after the Alst wesk.” This high incidence of anoxic deaths
in postmeture bebies cannot be explained solely on the basis of wore
difficalt laboure with incressing fotal size, bocauss the riee in diffieult
laboure wae much leps than the incresse in encxic deaths with increasing
~eturity,



ihe effect of specics

As Legallois stated the abllity to withstand anoxis at birth depends
en the mstavity of the nmbom. Thus, species euch s the guines pig
which are relativaly seture at birth survive only six mizutes under
Mcmummemwmmmnmmnumm
It i difficult to put & Quantitstive estimete on maturily, but qualite-
tive criteria sush as the amount of fur, eyes cpen and sbility to mein-
tain balence,place the soveral gpecics tested in the seme appruximate
soquence g8 they fall when listed aovording to decreasing snoxia resish
ance.

stimates of the human infant'e anckis resistance renge from 15 (75)
to 30 minutes (118}, The wide runge probsbly reflecis different degrecs
of anwds and verying gestelion pericds. Since viable infants are not
left unventilated willfully, the estimaies of the husan’s ancxis resiet-
ence is based on unusual clrcumstences. 4n @xaople of the sort of evidence
upon which the estimste of humiin mxica tolerance is besed ls an account
of a viable infunt being resoved fyom the uterus 15 %o 0 =inutes aftler
the mother suffered sn accldental desth (92).

In the et and other species investigated, it has bean shown that
the tine of death is very nearly the same regardless of whether ancxle
is induced with nitrogen, balium, casbon moncxide, argon, hydrogen, nitrous
cride, cyanide, or submersion (140). In @11 thewe circumstances snd a8
Faselas writes, ™in all species there is & loss of tolerence at & rete
vhich soems to depend upon post netal development® (40). For emaeple,
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"the repidly develcping rat at 18 days of age exhibits the diminished
adult tolesance while the more alowly meturing dog is more resistant
than the adult at 30 days of age™ (40).

That hypoxia tolerence is affected similarly by incressing age
and more nature specics was shown by Britton end Kline (14). Hyposle
conditions that euabled aduli rats to survive 2.5 hours were tolerated
by nesbosn mate for 16.5 hours. Young cate, dogs and rebbits also
had a decline in hypoxia tolerance duying the first fow days of 1ife
towaxd (he adult lovel. The most resistant were opossume of five daye
pouch age vhilch lived for 50 hours in an aimosphere that kills the
aduli cposeum in A0 winutes.

The nervous gyster of new-bom anlwsls sppeare to have a greator
reslstance to ancmis then that of edult mgemels. This has been demon-
strated Wy Kabet (69) who found that arvest of the cephalic circulstion
in adult dogs for move than six minutes is regulsrly associated with
irveversible damage or doath. Pups ten days of age on the otherbhand,
ha¢ conplete reccovery after 20 mimtes of ecephalic ischenia, Hot omly
could younger pups recover after longer pericads of stasls, but the rete
of recovery wae =uch move rapld, within e day while the adull may show
revergiblie reaidual effects for wooks. Ancther distingulshing leature

wag the pereistence of nervoue activity in the newborn throughcut the

poricd of lschenia while edult dogs go inte 8 etate of profound epinal
shock after two mimites of arrested cephalic blood fiows Thus, Kabat
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cheerved that "regpirsticne contineed during brain stasis for 20 to 30
seconds in the adult dog and five minutes in dogs eight to ten days of
age" (69). The persistent sctivily of the newbomn is not limited to
respization, but has been chown to spply to the comenl and flaxion ve-
flex. In ten day oid pups "the fladon reflex could be elicited through-
it the pericd of cephalic stasis, oven though the stasis wes continued
for as long &8 35 minutes® (§9). Just as the head of newbom doge, rets
ard mdoe (110) show persistent activity when cireulation is interrupled;
it is possible to clicit reflemes from the trunk of the mouse for ex-
lended pericds. 7he newborn mouso bas spinal reflexes in response to
cdiectrical estimdation for about 20 times 28 long as the 15 day old
~ase (38).

The grestor resistance of the nmborn's brain has been viewed Ly
tabat as “enother emarple of entogeny recapitulsting phylogeny®, because
lower fomg of sniwals are known tc be more resistant to enoxis and to
spinal ehock (69).

The role of perinatal encxds in detemining later mental function
is currently recelving much attantiwn. Oome suthors maintain that the
ancxic newbom will elther suocusb or recover completely while others
ascribe many of the neuwlogic deficits of older children tc birth
ssphyxis. It seems ressonsbly certain thet the stetement by Schreiber
from 190 is po longer tenable. “lonsidereble clinical evidenmce supports
the conclusion thet the brain tiasue of an infant can sustaln wmuch less
agygen deprivation than can the adult organ end, therefore, is more
 readily dermged frvm this particular cause than is edult corebrel tissue® (99).



mmmm-mm»;m-wm
many respects, it is mot difficuli to find perametere which corrdlate

with anoxis reslstance. However, & correlstion does not dietinguish
& caueel from & coincldentel assccistion. |

Kesborn rets show an apprecialie rige in the cholinsslorsse activity
of the frontal cerebrel cortex during postnetal development, which is
inversely related to the decresse in anoxis tolermnce {46). Other
enzymes (such as succinic debydrogenase, eytochrome cxddese and eldo-
lase) as well es the servebral cxygen scasmption (40) do net increase
markedly until the tenth dey when enceda resictance hge alresdy decreased
from 50 mizutes to ten mimutes, Furthemwore, thyroidoctory inhibits the
cholinesterase rige and eshances the ancxis reeistance. Also, in the
guines pig where anoxia pensitivity is bigh et birth, the rise in cerebral
cholinesterase activity has alweady cccurred in uwtero (i6).

Britton and Kline (14) bave suggested that "The relstively large
size of the edrenal glands mey be & fsctor in the supericr registance of
young enimalo.” They support this with the cbservation that asix to
soven day old rets have ¢ 40 to 800 decresse in hypoxdia tolersnce after
adrenaleciony when conpared to shan cpersted contruls. One-ihird grown
vabbiis had & alight incresse in tolerence when treated with cortico-
edrengl extract. These findings arv consistent with the suggestion by
Legallois, 150 yesare ago, thet the nmbom’'s asphyxis tolerance i ®oon-
nected to the theory of hibemation i cortaln mewmele” (74) for it hes
bean found that "the adrenal ecloriged anivel dwee not hibemaie end dies
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of cold as nonhibernants do® (72).

It has recently been suggested that the normally low prothrumbin
lovel of the newbomn may help protect him from gncxia (33). "his
suggestion is based on the finding that during cireulatory arvest "blood
coagulates in the sanll vessels® and if adult doge are given heparin or
Veridase, & fibrinolytic activator, they can survive longer periods of
stagnant anoxia end recover much more repldly with fewer resicusl offoecte
(27)s Control dogs sucombed to ten minutes of cireulatory arrest while
eome Varidase treated dogs had complete recovery after 15 minutes of
the same insult. These suthors prupose that the mechanism of anoxic
brain damage may involve the formmtion of wultiple infarcte becsuse of
clot formation seccndary to anoxic acldosis. That ancxia resistance
is promoted by enticoagulants is of interest since the typical patho-
logic lesion of anoxia is perivescular hemcrrhagos.

Richter has promoted the non-functional state of the newbom's
blood brain barrier ss contributing to anwia tolevance. "In the in-
fant brain the lactic aeid fomed ean Quickly eecape; but in the aduit
brain thet may be congiderebly delayed by the blood-brein barrier, e
thet lactic acid scommlates; and velues se high as 62 wg lactic aeld/100 g
broin have actually been found® (75). In the guines plg the barrier to
ferro cyanide is fully established at birth, shereas the pomeability
to this ion is high in the nowbom mouge, yat, wmbbit, cat, and dog,
but decresses repidly during the firet daye of life" (75)., The newborn
human and especially the premsture haw been shown to have a particularly
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pemegble hiood-brain barrier which is aleo thought to render thos
suceptible to kemicterus.

There are & host of other wunique attributes of the ismature now-
born which may play & role in his adility to withetand ansercbic con-
ditins, An emrple 1s non-fusion of the crenial bones which mey pro-
tect vital centers from the pressure of cerebral edema, Thus, sncxis
prodaces an overall increase of 5 to 6F in the brein volume (75).
Prevention of this cerebrel edems by the sdninigtyation of 507 intre-
venous sucrose has been shown to partially protect adult doge and
bumans from the cercbral damage assccisted with hypoxia {23).

ncmetﬂ%mhtMMﬂmm:
anoxia resistance to somo aspect of ismaturity. Although wost of these
studies have ylelded interesting results, they aleo have shortcomdngs,
There is & danger to rdstake a correlation between snoxis resistance
and sone 8spect of immtirity for 8 demnetretion that the two are
causally related. To establish & cousal relstion between s particalar
mtmmmm,uhmuwmtmm~
metor whilo all others ave held ccnstant. Thus, the selection of &
contrel animal becomes critical. ‘'est of the studies on immatuvity
have compared newboms with nore satare animals who GAffer from the
nowbom in many respects besides the one that is under guestion. It
doos not suffice to show that fotal hemoglobin, pollilothemmic response,
oparse fur, eyes still cloped, and immsture central nervous systems all
correlate with ancxla yesistance. “uch more convineing is the comparison
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of the anoxia resistance between groups of newboms who differ from cach
other only with respect to the cne attribute thet is being evaluated.

During the lagt two decades an increasing mmber of investigaticns
bave changed their arphasis f1om the gmerel question of the relation be-
wwz;mmmwmmmcqama
whet heppens to the energy metabolien of the snoxic newbom.

Although this spproach is Juet nev baing esploited, ite genceis
dates bask to 170 shen Lavoisier demnstyated that respizetion is the
combdning of caygm with carbon and hydrogen and that this chemical com-
bdngtion is the surce of energy, In gmeral, o studics of the enoxie
newbom's W'm have mwn to be 8 more direst approach to
the probles and have been more amensble to the introducticn of edegaate
- Mot of the proposed anewers to the guestion of what happens to the
anoxla newborn'e energy metabolisn cen bs placed into ome of two schools
of thought. The proposition chempioned by Himsrich snd cthers is that new
bom memals can survive soveral times longer without cxygen than adults
'mw-mmmd.ymnmrmmmm
The other thesis has exphasised not anaercbic metaboliss, but & redustion
in metabolism which can be thought of as & state resembling hibemation
or suspended animation. In the next two sections the litersture that is
portinent to each of these contentlons will be reviewed.



AMOXIC MOBILIZATION OF AMAERORIC ENERCY SOURCES

"Just 4 century ago Pasteur ghowed that ithe preduction of ethancl
from glucose by yesst cem occur under ansercbic conditiong® (116). He
egphagiged the importance of the finding that living tissucs can derive
energy from gluccee in the absence of wypen. Yeyerhof wes one of the
flret o demongtrate that extrecis of =ervalian tissuse can obtain use-
ful energy in & similar mmmer by converting glycogen to lactic ecdd
under ansercbic conditions, |

The current concept of suserchioc metabolisnm is that most of the
reactions of intemmediary wetabollign do not reguire molecular cxygen
as & resctant and thet they will continue in its sbeence (115). The
enargy yielding reactions reguire that hydrogen atoms and electyone
be removed from substrste molecules and transferved to some acceptor,
Under servbic conditions the eventusl acceptor is oxygen which com-
bines with hydrogen to fom water. In the absence of oxygen the axi-
detive engymee become ssturated with hydrogens and will remain in the
reduced state unless there ie ancther hydrogen scegptor.

The sost generally agreed on anaerobie hydrogen acceptor in mampwmlian
tissues is pyruvic aclid, which can beo canveried to lactic aeid by the addi-
tion of two hydrogen stoms. There are exporimanial results shich would
lead ane to suspect ihe existence of other hyirogm scceptors which may
be of greater quantitative eignificance (4). Howsver, these acceptore
have not boes identified nor have they bemm demunstrated to play & role
in the ancxic nswbom.
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As Villee has pointed cut there is conglderable evidemee which
mmnm-m:mmmiummmmeu
relatively long periods of smcxla during the birth process to mergy
derived from glyeolysig® (114). The most direct evidence for the pro-
uﬂntmmbiuMIMmtmﬁcwatadw
creass in the substrete, gluccwe, and an increass in the product, lastic
w,mm |
Anoxic capbohydrate utilisstion

uuummmmm.immmmmmmn,
mmnmwlwhwﬂﬁmmofwm“-uw-m
maizmummmmhmumnmw.mmamn'(m).

That these eleveted levels of tissue glycogen actuglly correlate
with anoxia resistance was shown by Dawee ot al (30). They fomd 8
mmmmmmnimmmmo:mu
pigs, rebbits, and rets st varying ages and the totel initisl cerbohydrete
concentration in the caniies vestricles, Ty sesrificing fetal lawbe sfter
mmatmm‘mmuunmugpwu
mummmumwuumtmmmmm
mm'ueancmtnum. marmmmmmmum(tm
is about 147 days) showed blochenical plus histologic evidence of de-
mmummmwmammtmmmmat
ﬁemtmlvﬂu.ﬁtﬂnﬂhﬂﬁmtaoftﬁuthmﬁ'(ﬂﬂ).
mmmnmmmmmmwmwumhuma
resorves hed boen mhmusted in the temminal stages of snoxia® (30). The
aame yﬂtomtm depletion of cardiac and hepatic glycogem during smcoie



has been shown to ceeur in newbom vate (71) and mice {49).

Land fetuses closer io tem bad a shorter ancxis vesistance and
lower initisl candiac and liver carbchydrate reserves which were do-
mnﬁﬁuttmuwidugnmmnﬂwtmm). The
results from other investigators alec support the notion that the wore
fmmature naemals have relatively grestor carbchydrate energy reservee
which are consumed st & slower mte during encia® (106). Dawee Weon-
cluded that the maintengnee of the circulation is of primary importance
in anoxip®, becsuse "the decresse in cardiac carbohydrate with age lo,
to date, the only known change which axactly parallels the decrease in
tolerence to anoxia® (30).

Subsequent work on newbom rete (106) and monkeys (29) lende support
tuﬁ-enmmwmmMMMm The
decresse in cardiac carbohydrate concentretion had the sgme patiem as
the d8crease of survival time in nitsogen during the firet 17 daye of
life. In contrast, liver carbolydrate fell repidly to & minimm after
ﬁeﬂmw.;t\hiuhthnrdvﬂﬁmsﬂnmu,ndhtw
incregsed as the survival time faoll (105). Rate exposed to the limit
of thedr anoxia tolerenco had almost dopleted thelr hemt carbolydrate.
In the liver and blood the change in carbohydrate concentyation wae
varighle and in ckeletsl muscle, lung end ekin it fell only alightly
daring anoxia (106). It was further found that fasting rets hed a
greater fall (about 4OF with 12 hours festing) in enoxia tolersnce and
boart carbohydrete than non-fasting litter-mates. After three, six,
and twelve hour fasting, the percentage reduction in survival time and
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in heart carbohydrate were closely similar; the poreentage fell in liver
carbohydrate wae much greeter (ms;.

Following & 25 minute envxle episode at 36°C {vhere 28 min is fatal
for the newborn rat) there is @ gradual restoration of the camiiac carbo-
hydrate to the centrel level during the firet three houre of recovery.
The resistance to a second snoxic eplecde during this recoveyy period
mminthampmﬂIwutmm“hmmtuumam
heart carbohydrate (106), The concentration of carbohydrate in the liver
vempined low during the four houre efter ancxis, although the blood lastic
acid fell from @ mean of 148 mg/l00 ml to nomal levels (mw'mom)
vi.m twe hours {106). In summary, the work of Dewesand others show
that ancxia resistance correlates with the heart carbohydrate concentra-
tion regardiess of whether the latter is altered by age, Wiu differ-
;neey, Mtiou, aluwﬁ adminiptrgtion or previcus ancxia.

However, this does mt.whin‘thc cbpervation that newbcims can
resist cj.rm.tary nm-t to the head for longer perlods thlu aduite,
which has been demonetrsted in rats (55, 100), foetal monkeys (29),
rabbite (74, 100), mice (96), and pups (69, 100).

The events leading to persistent respiretion when the cephalic cir-
culstion is cbstructed have bowm called the ™tissue factor® in ancxis
resistance. That there is aleo & Melrculatory factor® ie evidenced by
the cbeervation that the duretion of gasping is doubled when the animel
is asphyxiated with an intpet circulstion (28). The correlation between
cardiac carbohydrate and encxis resistance may reet in part on the Weir-
culstory factor® bLringing mutrient gnd removing metebolic products from
the brain,
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The importance of snaercbic glycolysis im promoting the newbom's
anoxis resistence has been further estgblished by detemining the effect
of altered blood glucose levels on anoxia tolerance. Thus, Rimwich (58)
working on rates found that "the survivel pericd of infant animale eight
to ten days of age is prolonged from 7 to 15 minutes, if they receive
glucoge before the inhalation of nitrogen.® Since the adult rat does
not. ghow an incresss snoxia tolerance with gluccee injections (59), the
factor limiting ! ts survival is probably not limited glucoese stores.
The beneficial effect of glucose injection in young rete is most pro-
nounced 1f the blood gluccss is low initially or if the rat has bad only
ene hour to recover from a previcus ancxic episode (306). These experi-
ments indicate that hyperglycenia fecllitates the nowbom's ancxla
resistance; that hypoglycenia impalrs it has alec been shown.

In 1941 Himdch demonstrated thet anoxia and lypoglycemia act
synergistically in the newbom. ™he survivel time of newbom rate in-
Jocted with insulin and subjected to the inhalation of nitrogen was
reduced from 50 =inutes to 25 minutes® (58). The 25 minutes of ancxia
survival is still ebout 20 times the resistence of the adult rat. The
effect of insulin to reduce, but not sliminste the newbom's ancxia
resistance, wasdec showm in cate (59). This may be related to the
chservation that newboms develop lese of a decrease in blood sugar
with insulin injection and they have & grester abllity o withetand
hypoglycenis (58, 59). Thus, newbom vets given 600 to 2000 units per
kg of insulin have g decrease in blood sugar from 91 mg' before injection
to 36 =g’ cne bour later. Thay continue to live for poriode of 10 to
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16 hours in alr while eduli rete succunb within one and three-fourths
to five houre after recelving 5 to 4O unite per kg (59). By injecting
ingulin trested vets with glucose their ancxie resistance can be re-
stored to nomal (5%). _

It would sppear that the effect of insulin is not so much on the
syocardiue, but »ore on the brain itself. Thus, elthough insulin In
mﬁmwmwmmmm*m-uwmumamu
there mllittlc etfm on the heart cartchydrate concentretion. Fate
treated with this dose of insulin had & 507 decresse in the duration
of gaeping, but Mbe tines for which the heart continued to best were
not significently different® from saline injected mtmli (106). As-
phyxiated mice ﬂ&-w only ecant or partial depletion of glycagen
in the heart and liver if desth was hastened by insulin injecticn (50).

That hyper and hypoglycesis have a direct action an the newborm
brain wme also suggested by W. A. Selle {101) who rendered 12 to 15 day
mrmmmummum&mwmmnmmwmw
of the isclated head. The rate were divided into groups of 18 which
were given different subcutaneous injectiens. He found thet when young
wmie are decapitated there is ean initial serdee of about elght repid
gasps followed by an apnelc pericd of sbout 40 esconds. After this there
hamdd@rminotmﬂ&%mamaneuﬂu
Mitamwhwmwmmm-ﬁuﬂhdm.-hm.
available to0 the brain at the time of guillotining. By injecting insilin,
he could reduce the durstion of gasping by 92° whersss gluccse injecticn
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extending the gasping period by 307. Rats recelving insulin plus
glucose did not respond significently different than esline injected
controls,

mzmmmwmmmtmmumm
produced a two fold rise in uwmbiliegl vein and srtery blood lactie
acid levels (35). Since then the rise in serun lactate with emoxia
hae been demonstrated repestedly in man, lawb (13, 15), mcuse (95),
rat (71, 95), cat, dog, hog, and rabbit,

That the lectic acid rise is not solely & shift from the extrs-
vascular fluids to the vascular compartment, but rether a procduction
of new lactic aoid was shown by Hiswich in 1942, Ne reported that 40
mimtes of anoxia veises the newbom retts total lsetic acid concen-
tration from 40 mgf to 145 =gt (3%5).

Dewes (30) has cbeerved three fold rises in the bleod lactate of
fotal lanbe after interrupting gas exchange by tyisg the umbilicsl
cord. Il gppears that the rate of lactate rise, Just ge the rate of
carbohydrete depleticn, becomes piogr«livﬂy less a» anoxia is pro-
longed. Sarlier work by Relss (95) on rets and mice subjected to casbon
moncxide poigcaing slec indicetes that the rate of snaercbic glycolysis
diminishes during the course of anczia.

The finding that lactic acid concentrations in the snoxic newbom
ettains 5007 incresses while siult mice had only & 317 rise (95) has
led sore investipetors to stiribute the newbomn's gnoxis resistance to
higher retes of anasrobic metabeliem. However, the initlal rate of
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lactate ascoumilation and carbohydrate deplation are greater in older
ani=ala (30). This would suggest that although the anoic newbom hes
relatively morve totgl lectate gecwmlation this is attained by glycolysls
st a glower rate and for s longer tive than in the séndt. [ witye

studies confirm the finding that newbom tissues heve a lower rete of
glycolysis than sdult tissuse (22). |

Pecgupe the yete of energy metgbolism is lese in newborn brein tissues
on & wet welght besls, the lower mate of glycolysis cen sctually serve
to meet a greater proportion of the total energyreguirement. This has
been suggested by Mandel et al (22) who 41 in Yt cowperisons of the
setabolime of edult and nevbom breln, They found thet while ®the up-
take of giucoee in moles per wait of fresh weight increasee from cne
for thres day- old, rets to tw for adult animals, the uptake of oxyges
increapeg from one to three pnd the 'mm ecld produetion only from
1 %0 Loke This sllows an estimete of the serchic and anaerobic degred-
ation of glucose to be made. The data indicate thet the proportion
of glucose oxidiged incresses from 367 of the glucose consumed for three
dey old rets to 567 for sdults, while the fraction degreded by glycolysis
decreeses from 457 to 33¢ respoctively. It ehould be e-phasiged that a
mmmmuﬁmum mwwmmbm_mnm
been found in ocur laboretory to coeur in the liver, kidney, and spleen®,
This shift from predominantly glyeolytic to more asrobic metaboliem with
maturetion has also besn documented by other investigaters (22, 111).

Tho demonstration that lactic acid concentration incresses cannot be
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taken as proof of the presence of angorctic glyeolysis in itself. This
is becsuse lactic acid levels can be elevgted by other mechandems such
as respirstory alkalogis (93). ihet ie needed to relste changes in
lactic scid concentrgtion (o ansercbic metabulign is concomitant mow-
ledge of the pyruvate ccncentretion (62, 63, 64, 66). If there is a
greater proporticnate rise in lactate than in pyruvate then anasrchic
glycclysis is presumably contributing to the animal's energy reguirenents.
In one study (13) it wes shows that the lactate to pyruvate ratio rises
progreseively during the course of asplyxia in lanbe from an aversge con-
trol retion of 12 to 100 within 15 minutes of asphyxia. The failure of
most investigators Lo carmy oul pyruvate determinations along with thelir
lactate deteminations makes it imposaible to mgke quantitative esiindites
fron thelr results of the amount of giycclyels. A prominent cause of
mnmutwgmmmmtmm-wmemn
changes in pil. Jist estimgtes of snperobic glycolyeis in the nevbom
hased sclely on lactate asccumilation are probably low. Thie le becguse
the anoxic and asphyxic newborn regularly devalope an acidoeis which
would tend to lower the concentwatlion of plasma lactate eud pyruvate
and thus offest the effect of annercbic glyvalysie. Fallure to sppreciate
the relation between pyruvste and lactate cootinues to lead some current
investigators to the improbable conclusion thet "anservblosis does not
play any significant mole in protection agalust anocxis® of premature
infante (113).

in the work of Hucksbee {63) a change in serur pH fyom 7.39 to 7.53



25
induced by sodlom bicarbonate in fusion was asscciated with @ three
fold rise in blood lactate and pyruvate lavels in an adult dog. The
enoxic changee in pHl in the nowbomn are wich greater. Probeble factors
contrituting to this are an interference with the call mevbrane function,
increased acld production by enaserobic glycolysis and decreased COp
elimingtion from hypovemtilation. Thus, it is not surprising thet investli-
gators have reported decreases in blood pil values of C.40 units in as-
phyxiated tem lanh fetuses after five minutes of ancxia (13, 30).
Swann (108) showed that although the blood pH in pupe declines from
7:34 to 6,62 within 17 winutes of snoxis the pup can recover from these
hydrogen ion concentietions which are considered fatal for adult enimals.
Wileon et al have alec reported on nine infunts who recovered from en
average blood p of 7,1 in asecclation with birth asphyxia (120).

Athough this thesis does not explore the possibility, it may well
be that the ismediate cause of death in anoxlic newboms is not depletion
of energy veserves, btut rather some other interference with homecstasle
such a0 acidoale. Thus, maidng newbom rets and =ice (96) emoxie by
placing then in (0, reduces thelr survivel time by 500 fro= what it is
with esrbon monoxide, nitrogen, heliem, cyenide or nitrous oxide (40, 53,
95). Thie hypothesis gains support from the finding that blood glucose
does not fall epprecisbly in the ssphyxiated lamb (13) and riees during
the courge of anoxia in the pup {40) whils the change is verisble in
the rat (106, 116). Furthemore, Dawes showed that in asphyxic fetal
lambs ™éhen glucose and sodium carbonate were administersd together, the
tine taken for the blood pressure t¢ fall from the initigl level of
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- 30 - 40 wm Eg downto 10 sm Rg was increased from o mean of 48 =minutes
to more than edighty ninutes. This trestren! wes aleo offective in
raising the blood pressure and hoart-rate even when it was delayed for
as long as 40 minutes after the cord had been tied® (228), Oince glu-
cose infusion alone didrot prelong survival in these lawbe, the process
of anoxlc death may not be glwply depletion of emergy reserves. As
carly ae 1931 Reiszs had shown that nowbom rats and =ice subjected to
carbon monoxide poisoning reduce thelr carbohydrate content Ly lese
than 20¢ (95). Ne concluded that the point of desth wes charseterised
by & eritical concentraticn of lastic seid which was the sawe whether
the animal sucounbad to ancxia aftor 15 to 25 rinutes at 37° or after
woye than an hour at room terperature, However, if lactic acid accumw-
lation is the letbal fector, then one would epect g diminution in
 anoxla telerance if lactic geid were sdninistersd. Dritton et al (15)
found that the survival time of fetal lambs in lypoxia wes epproxingtely
the same after blocd lactate wae elevated to 100 mgfl00 m) by injection.
Toxic inhibition of sngercbic dvenlygis

There ave chenical agents whilch more or less gpocifically inkibit
some of the enmymes of the glycclyilic cycle. The magnitude of thelr
inhibition se Judged by interference with glucoes utilisation snd lactate
production 1s direstly related to the decline in ancaia resistence which
they produce.

Bimwich (57) wae the firet to demcngirgte thie by injecting new-
born rats with 1 mg of icdoacetic geld. This metabolic toxin blocks
anssrobic glycolysis at the polnt where tricesphosphete is converted to
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phosphoglyeeric acid., "After allowing 15 mimutes for sbevrption, half
of the total number of injected rate were placed in an stwosphere of
nitrogen and the other hall retained as contyole respiring air.® The
infent rete placed in nitrogen had & reduction in encxia remistance
from the usual 50 =inutes to near gdult Jevels of three mimutes. In-
Jmm‘mmmmmmmmm-mmmm
tinme they continued to show signe of 1ife.

This has boen confirmed by Hicke (50), who was sble to reduce the
nawbom's anoxla resistencs to two minutes by allowing 30 minutes for
the ebsorption of lcdoscetate. lis Meontrol animale given ths eame
doses of lodcacetste were unaffected In alr and when killed 24 hours
Lster shownd no pethologle dhanges® on Mistologic exaingtion. Sub-
sequent studies by Fitagerald show that the percant decyesse in the
neabom'e anoxla tolerance is a dirvect function of the icdoacetate
dose (43). That iodopeetate intermpte anservbic glycolysis was fur-
ther supported by the fact that while 50 minutes of snoxis usually
brings the body lectic acld level to 145 mgf, an lodoscetste injected
rat dying of anoxia mginteing a lactic acid level of about 35 mg® (4l).

Becsage iodoacetic amcid inhibits other dehydrogenascs besides 3-
phosphoglyceraldebyde dehydrogenase (115), cne cennot be certain that
all of its effect is by virtue of blocking the glycolytie cycle. 7Thus,
Fitsgerald found a decresse in oxygen conga-ption with lodomcetete in-
Jection which supports his statement that "in higher concentretions
this reagent may inhibit g mmber of different emgymes of the oxidative
portion of the gycle as well (e.g. succinie daydrogenase)® (43).
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By injecting ratlets with fluoride Himwich was further able to

incrininate ansercbic glycclysis "as the sourve of energy whick pewits
prolonged survival in the youngl Flucwide, by forming a complex with
Wamn ions, will inhibit to gome extent & nusber of engymes in
both the giycolytic end citpic acld cycles which require magnesio: as
a cofsetor (115)., (For ample emolase which catalyses the forsation
of phogpho-encl-pyruvate froe 2-phogphe-D-glycerate (50).) Newborn rets
injected subcutanesualy with 0.5 mg of sodiue flucride per grem of body
wmwn_mmmmmormsommwuw
(55), licke wes sble to vonfir this in mice and he showed that control
animals could live in air for ab lesst seversl hours with the sare dose
of fluoride (50). |

To dete all the biochemical ovidence pointing to ansercbic metabo-
lisx in ncxie newbomns has come from experinents dealing with snsercbic
glycolysie, It is concelvable that oiher psthways of ansercbic energy
production besides anasrobic glycolysis could play 8 role in the new-
bom's ancxia tolersace. This wme suggested by Raiha who proposed
"that in the hussn fetus the tiseuss have 8 less iportent carbohydrate
oxldation than in post natal 1ife, and that the enasyobic production of
prruvie acid from glucose fumighes 3 rich substmte for the gynthesis
of fat charscteriged by a low number of double bonds (94). Theoretically
the symthesls of fat from carbohypdrate could mgke oxygen available by the
following reactions

17 Cgly 0 = 2 Cgyligg0g & & U0 ¢ 43 Oy
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Faiha supported his proposal that the fetal synthesls of fat "has an
axygen sparing effect on the metgbollam® by cbservatiune on fetal
tissues. Ho cites the Mrepid ineresse in fat which charecterizes the
human fetus during the threo last fotal wonthe®. He sseumes this fat
was myntheslped by the fetus since "ihe luman placenta is sbeolutely
ispermeghle to fat in the direction of mother to fetus”. Comnsigtent
with the notion of a high rate of lipogenesis from pyruvie ecid he has
found "hat the co-carbaxylese content of the wbilical blood i sbout
507 higher than that of the =atemsl blood and that the co-carboxylase
eshibite a downward trend after birth®, On the basis of wmbiliesl
arteriovencus differences in Oz and (0, content, he hes calculated R.Q.
values of "ome or slightly higher, indiceting a pure cerbohydrete
exidation ¢ombined with fat procuction from cartolydrates,

Villeo (94) atterpted to quantitate “the maximm advantage the
fotus could darive from fat eynibesis™, aseuning “thet no emergy is
required for fatty fiﬁd enthesle®. The 360 greme of fat synthesiged
bym:@mmwwwm«wmm&-ar:nzﬁﬂm
make "gvallable 10.4 moles of energy rich phosphate. This represents
mxm'mduofm.mwmwnsu:mm»
16 houre® (117). |

On the basis of in ¥itso etudles with rut and human fotal tissues,
Villee promoted the hypothesls “that the high vate of lipogenesis in
the fetus is an adeptation to ihe low cxygen tension prevailing in fetal
tissues during much of gestation® (117). Villee found that just befare
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birth the lipid content of ret livers was 1.58 ¢ 0.16 =gl, bul by 18
hours after birth it increases 10 3,72 ¢ 0.21 ngf (117). He further
ghowed thet fetal and newbom rgt liver glices have & smuch grester
capacity to incomporste lebeled, cltrate, prruvete and acetste into
fate. "etgl liver gmthesises 1lipld from scetate twice ap repidly
a8 pdull liver under serovbic oconditions and 20 times es repldly under
snaercbis conditions® (117). Although both sdult and newborn liver
ghowed @ decrease in lipogenesic with ancxds, this was —uch more marked
in the adult semples (117). The fetal liver soples had respiratory
guotients of l.39 which is higher than the edult rat’s liver and is
consdstent with the higher rete of lipogenesis.

Mere resenily Villee (116) hes concluded Mthat lipogencels can be
of no eignificance in the abllity of the fetus to withotand ancodg®.
There ia no reaction known in marellan tissues {o shich moleculgr
axyge: is evolved. The conversion of gluscee o fal does not pruduce
axygen, but produces carbon dicxide end water as byproducts:

25 Cglly 0g & 5 Oy = 2 Cgyliggl ® 48 0y & 52 BO
Hydrogen atome given off in the reactions of glyeclysis or clsevhore
might be utilised in the syuthesis of fats, for hydrogen is reguived
for the aynthesls of felty acids fro~ the two-carbon umit geetyl oo
engyme A. In & sense, the synibesis of ful provides s hydrugen tednkt,
8 depol fur hydrogen stoms, which 12 an altemetive io thelr combingtion
with exygen to fom water. Rscent gdvances in our knowledge of the
details of fatty acid synthesis heve shoun that the reactions rogquive
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amorgy in the fore of ATP. Thme, although lipogenesis might utilipe
mt;dmmulmiawcmdmmmmﬁmaf
hﬁcmmuatluticm,mmmmtmuorornnw
release of mergy wider anporvbic conditions® (116).

The probler of non-lsctate hydrogen acceptors werrants further
mmmimmmmtormm@mumw
Alpert et al (4) that the lactate which appeare in smoxde adult vat
liver slices accounts for unly s svall frection of the total eavbohy-
drate vhich dissppoars.

Agide from the present thesis there are no gquantitetive eetimates
a:mmmm*;-mm. In the sbaence of such Imow
ledge, it is difficuit to say if the cbserved snasroble plyeolvals
accounts for all or only part of the snsercbic energy production,
Ggen stores

Some investigators have aseribed part of the encxis resistence to
mmmmamianmmeumwmuumm
left of the sdult hemoglobin dissoeiation curve. This is not lkaly to
Play & significant role in snoxla resistence in view of the fact that
under conditicne of enuxia the bleod sxygen in pops 38 0.3 volumes % (108) or
less (40, 53) after six minutes of anoxis,

mumtmmmmmmuawmu
its caygen stores with sech respiratory affort, there is a rapid de-
pletion of blocd omygen. In lgwbe near tem, the hlood oxygen ssture-
tduhllﬁhuurimﬁwﬁwﬂmtuorwﬁcmm (13).
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Fitegerald (L3) has sttewted to guantitate the ancxlc resistance
which may be attained by virtue of oxygen stores. lie writes, ®Although
the quentity of caygen stored in the blood and tissues of an animal is
usually considered too small to be of value in yesisting snoxic eondi-
tione as indeed it is for en adult animal, this is not tmue for the
nesborn mouse, hwmm&ruﬁe&mﬂnmmmuw
and other tissues of the newbom mouse may be suffieient would lle be-
tween the two extyemes of 16 end 196 minutes.® The firet figure sssunes
that the enimal exhales all of its cxygen stores until its blood caxygen
content 1s Oub Vol £ while with 196 mimates there would be no exhala~
tion of Oy stores. Both of these estimates are based on the premise
that from the onsst of anoxia the newbom mcuse has a decresse in cxypen
consamption to 0.57 {003 eal/g/ir) of the control mate at 35°C. Thet
this is & rether untenable assumption wms not evideni in the adeence of
direct calorimetry to estimste the encxls newbomts heat production,
The other difficulty with these caloulations is that they assume that
the cxygen stores become completely depleted during the course of anoxia
when in fact it is dlfficult to demonstrate further decreases in blood
oxygen content after it reaches 0,1 vol. ¥ during the first six minutes.
The inhibiticn of the gytochiome oxidase syotem has provided further
svidence that axygen stores domnot play & significant role in the new
bomte ancxia resistance. Cyanide is imown to combine with the irem
atom of the qrtochyome engymes and in this wey it prevents the tmensfer
of clectruns from substrete mclecules to awxygen (115). Thus, the eurvival
timed cyanide injected animele ig indepondent of the oxygen supply. If
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oxygen olores 4o not play ¢ significant role in sncxia resictance, then
denth Yy nitrogen asaxia or ayanide polsoning should eome st sbout the
samo time. lieise (96) wae the first to report that newborn mice lived
for 82 minutes after hydrogyanic acld polsoning while adult rate died
in less than & minute., Himdeh repeated this by injecting § mg of

. sodivm cyanide into newborn zats who contimued io make respirstory

efforts for 50 simtes in both aly or nitrogen., The sme amount of
cyanide cpuses death in the adult met in 10 misutes (57). This finding
that the difference between the adult and the nesbom remaine nearly
constant. whether cxldutive metabolise 1o intermupted by cysnide or pure
nitrogen has been confimed by Fitagerald in wive (42). Ee further
showed that the duretion of gasping efter cysnide injection is prelonged
by kesping the newbom st lower tewperstures. Although the newbom
takes longer to die after an injection of granide the lethal dooe on &
welght basis ie loss than in the adult, That axidative metaboliem
responde similarly in newbom and sdult ruts ip further shown by aporde
ments on excised cersbral tlssuss where ™i/200 scdium cyanide inhibite
95¢ of the total caygen consumption® in eack (57). These experimente
show that ihe newboyn's sncie resiglance probably does not rest on
cxygen etores or any cther mechanism inwolving owideiive melabolism
since some gigns of 1ife are maintained when the gytochrome uxidase
gystem is inhibited,



ANCRIC SUPPRESSION OF WVPRGY MEPABOLISH

To uy knowledge there are no published reporte thet conclusively
show & deoresse in the mte of cnergy metabuliss in the anonde nevbom.
Theve is, however, ccnsidonvble ciroumetential evidence whdoh indlcates
that the nevbomn responds o sncxis with o definite, but s» yot, ine
doteminant decwesse in eengy wetabolies,

Desreseod, petivity
The woot cbvions odgn of » decyesse in the eusrpy metebolims durs

lg svcads 1n ¢ sarked dinbation of gll grees smesulsr ectivity, Thie
has been dosumented for pupe (108), kittems, ebbits, sets (50), lesbs
(303, wloe (§0), and bumses {6)s 412 wAd) 1oy completely guicscent for
ane uajor part of the snoxdie splonde, woept for o dewp respiretony
gamp betwoon epueic intervels, Adult mawmis in fontyast «ill Docems
ventlens, agiteted, lyperpnede and bogin %0 convules shartly efter losing
sonscdoumens, alusst uptdl the polat of desth, fwmw e Pawger otudied
the process of snomic desth in 50 adult dogn (07). They found Shet an
cocasienal dog could not b revived after dwo and ene-half mimutes of
anoxis and a1l doge wore Layend resuscitetion after fouwr end one-haif
uloutes of anceda, dewite cuygen insaffistion. Ihe duretion of sneda
did mot define the point of desth as marvowly as did the aystolic blood
precsars. If the resuscitetive procedure was instituted while apstelie
blood pressure wes still sbuve 100 mm g, then it wes unifomly cuccese-
ful, but once ayetolic pressure was delow 80 mm Hg, cxyge insufflstion was
of no avell, The deuline from 100 mm lg %o 80 wm Nig bloed pressurs ook
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an average of 16 seconds. Thue, the adult dog maintains sufficlent
cardisc cutput and vascular tone to keep the systolic blocd pressure
above 100 mm Hg until 16 seconds before the point of desth. The change
from hyperpnes 1o spnes wes more abyrupt then eirculatory fallure end
precedad it by 84 seconds cn the average.

The seme investigater (108) found a very different pettem in
ancxic pups sged three to four daye. {eve the yespiratory rate de-
clines from a4 oontrol of 30 to § per minute within the firet minute
of snoxis. fy 1f minutes the pup 1s meking one gasp every two minutes
and, on cceaslon, can be successfully resuscitstec after ancther eight
minates of ancxia. The heart rete and blood pressure slsc decline
shortly after the onset of ancxia end contimue to diminish gredusily.
All the pups with blood pressures above 10 =m /g murvived and some with
half as high & systolic pressure were resuscitated.

Cther newbom and fetal (30) maemals aleo distinguish themselves
from the adult members of thelr species by showing a grester sboclite
and velstive decline in camilse, respiratory, and gross muscular sctivity
shortly after-the cnset of snoxia. This has been showm in the cese of
rate (50, 106), mice (50), fetal lambe (47), dogs (40), monkeys (67).
While the adult succusbe immedlately after these sctivities beame
sippressed, the nowbom will continue to show signe of life for eon-
slderable pericde and on temingtion of the anoxia, it will retum to
its preancyic state if it is otill vieble. In taléalogic tems, it
ie se though the anoxic adult rapidly consumes all energy reserves in
an offort to escape or overoome the cxygen deficiency while the newhomm
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conserves its energy in the Whope" that the ancxds will pass over.
Lecreaged rectal tewermtare

If the decrease in activity actuglly corresponds to s disinished
metabolic rete, then one would predict & decline in the animal's hest
production. Although this has not been messured in encxic newbome,
it has been implicated by the demcnstmution of & decrease in pectel
teperture of human hables under conditions of wypen deficlency.
The deta of NeClure and Caton (79) indicates that three infants with
apnoe for the first three to five minutes sfter birth hed decresses in
rectal tempereture from 3° to 5°F in the firet 15 minutes of life,
"Although the 'nonspneict infant's tempereture may also fall repddly,
the ismodiste fall is of less eplitude® (80).

This finding has been confimmed by Bumard end Cross (19) who
followed the rectal tempersture of two larger groups of newboms for
a longer period and under move rigidly controlled eonditions., The
two groups differed cnly in that the 53 contyol bebies bresthed fmmedi~
ately while the 15 experimental bebies ﬁilod to establish respiretion
within three minutes of birth. mmnummmm:w

wag chloral, There was & significant decline in the rectal tepersture of

both groups during the first dxhqnnotlﬁeuﬂnﬂmtm
retum to the initisl tempersture in the nemt 14 hours. However, the

mean decline in rectal tenpemture of the amphyxic group exceeded that
of the control group by 2°F. There was nc oveslapping of the 957
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confidence limits of the two groups for the first 16 hours. They
Uoonclude thet a somewhat reduced rectal tempesature is & natural
phencmencn in bables suffering from asphyxia at birth. It seems prob-
able that this lowsred iempernture is the result of a pericd of dimin-
ished metabolic rete, caused by the ancxis. If this is oo, then the
lowered temperature way have survival value®,

Subsequent studies by Mooze (87, 68) cn three to 17 day old kittens
ghow that they have s decline in rectal tempemsture on exposure to hyw-
puxia st 30°C, In general, the longer and the more severe the hypaxla
wus the grester was the fall in rectsl tewpersture. Within a few min~
utes after the cessation of lypoxia, the rectal tespemture began to
retum to control levels.

Newbore premsture lmens (37, 103) have also been shown to have
& decline in the rectal terperature to about J3°C under eontrolled
hypoxia conditicne of 158 oxypgen for severel days. Imoept for the
MﬁtﬁMﬁmMﬁnﬁnm,Mu‘mmﬂam
the effect of ancxia on the newbom husan or animal's rectal temperature.
Presumably there is & decline which emeceeds the lypoxic change.
Lecreasec heal loge

Since body temperature is & fumotion of the rate of heat production
‘minue the rete of heat loss we canot equate a decline in body temper-
ature with g decyease in the rete of heat production, It is concedvalle
ummmmmmmh-mw“mmtmm
produce an increase in cutanecus blood fow, 'The resultant increased
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rate of heat loss cculd account for the decline in body tempearsture.
Thus, the enly way to measure heat producticn is $o monitor both body
tewpersture and mte of heat loss. To my knowledge such an @periment
bas not been published for sncxic newborns. There im, however, cne
arperiment on luman infants that points towand & decreese in the rete
of heal loes under hypoxic conditions. This is & study bty Drodie ot al
{16, 17) which compared the heat lose of bables bresthing air with that
of babies breathing 157 caygen for 50 minutes, ¥ach group contained
ten batdes from three to seven days cld. They found that the babiws
breathing alr hested their pletiysmogreph an average of 5.65 s 0.87°C
sbove room tempersture while those breathing 15% cxygen only elevated
their plethymmograph teeperaturs 3.59 & C.T3°C ghove room tempersture.
Decause the tenpersture gradient between plettyswogrash end mom wss
less in the hypuxic bebies, thay conclude that hypoxia decrenses the
beat production. The limdtatlone of this study ere thet it offers
only an index of hest loms muther thum & quantitative estimate. This
is because & glven tempereture gmdiemt was not related to o corres-
ponding rete of heat loss. Alsc while there wes a 2°C difference in
temperature gradiant between the two groups, the mesn room tempersture
wus alse 2°C colder in the alr breathing bables which lost more heat.
The fact that rectal temperatures were not messured in either group is
compensated by the fact that they previcusly feiled to get a significant
m@rmmmmwmuﬁsmw
identicel conditions. Despite its limitaticns, this is the only pub-
lished study of newborn humans or animals which makes an attempt to
evaluate heat. loss dn:lnc diminished cxygen supply.



Although attempte st evaluating heat production (of caygen deficiemt
newbome) by direct calorimetry have been limited to the messurement of
rectal tenperature and one qualitative study of hest loss, there ave
m experiments which have employed the principles of indirect calor-
imetry. The study of the newbom's energy metabolism under conditicns of
oxygen deficiency by indirect calorimetry is befreught with e number of
limitations. The first is that the metabolic rate is not a edeple function
of 'wm congamption Hz#n engeyobic meteboliem playe & significant role.
If oxygen deficiency promotes snsercbic metabolism, then estimstes of
enorgy metabolisn based on caygen consmpticn become increasingly wis-
leading the more pruncunced the hypoxia, This consideration has restrieted
indirect calorinetsy to hypoxic experiments since usder ancxie condition
thm is no axygen coneanpiion to meamire

This method of estimating metabolic rete mekes the tenucus ssmmption
that the caloric equivalent of cEygen remaine constant. Theoretically
this can vary between 4.5 and 5 calfec of oxygen, depending on the pare
ticular focdetuff belng cxidised. Few investigators of hypoxia in the
newborn: have detemined the resplratory quotient which would give an ino-
dex of the sppropriste calovic eguivalent of cxygen and its vardability,
Studies (104) that heve taken the respiretory quotient imte consideretion
(25) obtained values below 0.70 4n about 43% of the infants on the thimd
day of life which has been considered to be *balow levels compatiBie with
nommal metabolic processes™, Since a number of careful investigators
{9, 25, 90) have cbtained the same result (in cver 200 experiments
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during the firet wesk) with different methods of good reproducibility,
the phencmencn does not agpesr to be axperimental errors, but sather
pointe tc some as yet not understood aspeet of newbomn metabolism.
Earlberg (70) has yeviewad the subject and writes, "Immedistely after
delivery the respimtory quotient i almost cne according to Haspel-
balch's luovestigations in 1904. It then falls during the next few days
to 0.70, but rises egain, after a further lapse of & fow days, up to
about C.86, 1.0, the genersl mean value for infents. This implies,
m;mm-grmmmwmmhmomm
exption and the prosuction of carbon dicxide should be determined® (70).
it would appoar that atiempts to attribute the low respiretory emchange
Tatic to aperimental error or extrepulmonasy gaseous exchange (25)
thoald alse eplain why these factors would be move prominent at thiee
days of sge then before or after. Cross ot al (25) bas peinted out
mtﬂlnumtm“mmmimdmﬂﬂkhﬁcm-
of bicarbonate, ccnversion of fet to carbolydrete, and recovery fyum
metabolic acddosds or respiratory alkalosis are not wueble on a quanti-~
tative besis. In 1931 Redss (95) detemined the vespiratory guotiemt

~ of mice and mats aged one to five days. The values for the entive

animale as well as for liver elices fall below 0.7. lils eglenation
mtml_a«rWrgqmumtiaa refleciion of a high »ate of

anabolimm has not bem mﬁmmrm-ewtom. That Oy fix-
aumunot.pmuﬂ.hdhmﬂmthﬁw‘mbmmw
fiendler end others {49). |
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In semmyy, thore are two principal limdtstions in studying the
nowborn?'s energy metabolism under cxypen deficiency by indirect calori-
metzy. The first is thet the more hypoxic the infant, the grester the
potential for gnsercbic metaboliem and henee the grester the ervor in
estimating total metabolism. 7ho othor cbjection is that the caloric

‘equivalent of cxygen has bean selected oo the basis of theoretical

mnnu-um'mzmmwmuwmmmmunnu
who have marked changes in the respimmtory exchange mtio during the

- flirst wed: of 1life,

~ The first report that newboms bresthing 15% caygen decrease thelr
oxygem crnmeption by 170 was published in 1955 (24, 26). Here ss with
the hypoxie decline in rectal tempersture and hest losa, the initial
mtmﬁﬂemmmmemu-tﬂ. Since then,
atﬁgrhmmd“ntdamotm-mm
saphicn on mblent o, in kittens (87, 52) end pupples (86). The
magnitode of the decrease in cxygen canmmption varied directly with
the degree of lypuxia. Kittens eposed to LA caygen hed & ¥ decline
mmmmmmmwuummmuﬂ

decrecse (88). Oince the deereass 2p cyggen consewption ccenpe ~wiihin

five minutes of the cnset of hypoxda, it would appear that the subse-
quant gradual decline in deep body temperature is & conseguence and not
& cause, of the fall in metsbolic mte (87). That chenges in oxygen
congmption precede changes in rectal temperature is elsc illustysted
by the pattemn of yecovery from hypoxia. In gemeral, the coypim con~
mﬁmﬂmﬁmﬁﬁl},bﬁn&hﬁazwm;mm
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within five minutes, while rectal tesperature which may have fallen
3°C during hypoxis retums mach moye gradually to control values (88).

It thus appeared that the newbomn respond @ifferently from adults,
MMitm-mmmtwmmmarmmt
memel doss not fall until desth dus to lypoxis i imwinent (in the
vegion of & exygen) {(52).

More vecent work by Hill (51, 52) hes shown that what was thought
te be a distinguishing festure between sdult and newborn can in part
be sttributed to differences in slge rather then differences in matuvity
or ége. Her work indicates that under hypoxic conditions the thesmo
regulatory respense of both kittens (aged 1 ~ A0 days) and adult guines
pige is inkibited, "Wor instence, in an enviroment st 26°C & newbom
ut;mmm-uwtm“mﬁwmuntiumtm-m
which is evound 34°C. lhen the caygen content of the simosphere bLireathod
by & newbown kitten in an enviroment st 26°C is veduced frem 21 to 108
the animalts cxygen eonsuption fells shamply to neardy helf its fommer
value, and then resaine steadily at that new level for as long ao dhe
enimal is hypoxic. YMeamwhile, the animalts rectal temperature folls
dlovly and appreximstely exponentislly. (n retaming the cxyeen lovel o
A%, the kitten's cxygen congmption promptly doubles, and ite rectal
temporature starts to rise towerd the control level. If this experiment
is repeated at the neutrul temperuture, the finding is entirely different.
Reduction of the oxygen comtant of the inspived sir to 10¥ now produces
no reduction in cxygen conmmption, sand the snimsl'e rectal tempersture
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does not fall, Adult guines pigs show & similar phencmencn® (51).

There is one distinguishing feature between kitten and guinen pig.
This is that a mild decrease in the ambient temperature below the neutral
temperaturs will evcke a greater rise in metebolic rate in the kitten
than in the guines pig. This is because the kitten's homeothemic
mechanisn rely more on yegulation of hest produetion than on cantrvl
of heat loss (51). The ability to contrul heat production appears to
develop before the ability to regulste heat loss in both memmelian
phylogeny (85) and in the ontogeny of humans (7, 18, 32), pups (68, €1),
pigs (81, 89), rete {109), and sparrows (31).

If an animal's homecthemsic state is dependent on eontrol of heat
logs whether becmuse of increasing maturity, increasing body size, or
small themel strees, it will not show an appreciable decline in metabo-
1ic rate with hypoxia of more then &0 cxypen. If the role of inecreased
heat production is prominent however, as it is in swall crestures, im-
mature animals or in the face of an apprecistle cold stress, then the
effect of hypoxia on metabolic rete becomes more proncunced. 7This ocn-
cept ralicnalises severel spperent inconsistencies. Thus, the lanb wos
found to have s constent oxygen consamption in ¢ wars enviroment until
the arterial cxygen saturation fell below 35% (1, 2) while the relatively
less mature humen infeni has a decrease in cxygen conempiicn with much
mﬂdﬂdumo!wammw; Because the lamb was not
reguired to maintain a high level of heat production, it saintained nommal
levale of metabolic setivity until relatively severe state of hypoxis was
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induced. The metabolic machinery of the infant in the eooler enviyon-
ment apparently begins to fall at relatively higher levels of sshient
axygen concentration as & consequence of the greater desand for heat
production. It is alsc consistent with the finding that under cold con
utimnmllﬂdt_llsmmnmwmnad«mmowm
congumption with hypoxda then larger animals., To smmarize, "in all
cases the type of response cbtained is detemined largely by the level
of metebolism immediately before the indueticn of hypexias and the level
ntmuuutmunnmamwtm-mmmm
ature (52), plus the maturity of the animal's homecthemic mechaniang,
and its sige. Theeeo findings do not justify the prepetuation of the
concept that gasecus metebolism is independent of variaticns in barc-
metrle pressures (112).

Further investigation is required to snswer the question of whether
the hypoxic deeline in cxygen conmumption represents interference with
v&uMothnmmm regalation. 4n i
¥itre study on kitten liver slices by Longmir suggests that during the
first two woeks there is & "wu-or three-fold reduction in the cxygen
concentyetion below which tissue respimmtion is limited™ (76).

Since newbom and emall sdult mammals respond similarly to hypoxia,
it soms questionsble that the difference in ancxia resistance can be
related to the hypoxic decline in cxygen consumption as has been sugrested,
However, it may be that at room texperuture the newborn will become more
hypothemic since bis temperature segulstion velies primarily on heat
production,



The increased ancxis resistance of newbom animals st cold temper-
atures has been cobsorved ty almost every investigstor of the problem
since 1790 when Sir Astley Cocper (36) called sttemtion to it. At first
this may seem hard to reconcile with the finding that modemste cocling
generally incresses the cxygen coneumpticn of necnates more than thet
of adults, FHowever, since snaxis renders the animal polkilothemsic, we
would not expect an incresse in metabolism on cooling, but rather a de-
crease by virtue of the G, effect. Thus, the metsboliem sn ancadc
snimsl has to support is not that of themmogenesis, but that of meintein-
ing ite vital functions and structural integrity. Ome wuld antieipate
an increase in the ancxia resistance at lower teweratures if the energy
required to maintaln blochemical integrity ie diminished more than is
the supply of energy. This would gppear to be the ease in newbom and
adult (65) mammals plas podlkilothems all of whom show a greater sncxis
reeistance at lower temperatures. Schnedder (98) has studied the effect
of cocling the adult yabbit brain on ite metabolies. At 37°C the brain
could recover from ten minutes of anoxia while et "26°C the revival time
after lschenia of the brain 1o between 30 snd 40 minutedl At the colder
temperature the mte of glycolysis wes much less and yet the depletion of
phosphocreatine and ATP proceede more slowly.

Severul investigators {53,95) have shown thst reising ewbient temper-
ature 10°C above woom temperature mduces the newborn mt!s ancxia toler-
ance fyom 50 minutes to 20 minutes. Deoreasing the ret’s colonic temper-
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ature to 9°C en the cther hand extends the snoxia survival to two houre
(3). The resistance to cellular encxia after cysnide poieloning ie al-
80 extended by cocling (42). The inverse relation between ambient temper-
ature and snoxia resistance has alsc been shown to apply to kittens (36),
pups (36), guinea pigs (83), and humans (119). Reducing the ealoric
tenperature of pups frem 37°C ¢ 15°C extended the time for lethal anoxia
exposure four to seven fold (84),

It is difficult to say if the merked effect of temperature on snoxia
m«memﬁm the mate at which anaercbic scurces
are depleted or the level at which energy must be supplied to sustaln life.
Keasupewents of the total anoxic hest producticon at different tempesatures
might throw some light on this question. Whether either or both of these
slternatives ere correct is reascnably certain thet at lower temperatures
the ancxic metabolic rate is dimirdshed. Thus, respimtory efforts ccour
less frequently at lower temperature and with sufficient cocling may be
arrested for 30 minutes only to vesume on rewarmdng (102). While the
freguency and dumation of gagping of isclated set heads were influenced
by waming or cocling the totel mmber of gaspe wes little altered (102).
This suggests that tempemture does not influence the amount of anaxic
motabolliam, but rether its rete. This is supported by the finding that
at lower envirommental temporatures the rete at which cardiac carbohydrete
is depleted is alower (206). Reles (95) foand that lactate secumilsticn
in newbormn rate wes more repid st higher temperstures than at romm temper~
ature, but st the time of death it was the same.
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Decause the metabolic rate appears to diminish when ancxic animals
are cooled, it has been suggested that the poor themal insulstion and
mall sige of newborne facilitates cocling during anccda and so prumctes
enoxia resistance (7¢). Besides the reports oo buman infants (19) where
the rectal temperature fall followed the asplyxic eplecde Ly some time,
there are no published studies on the magnitude of tesperature drop with
ancxias An snower Lo this Question may dovunsnt cne of the factors that
pyobably playe an iscreasing role Lhe longer the ancxic episode. Al-
though the adult fails to show the decline ir hody temperature, his
mwmmmmupmmmsmwmh Generally
the adult succumbs Lo soute enexla st o time when even the small newbrun
has a negligible decrease in body tempersturc. Alsv, even 1f the mew-
bomts terperature is muintained &t the adult level, he can survive for
congidersble periods.s Tims, five minutes after the enuxic death of the
mother, viable rets have been delivered (40). Similar cbservaticns on
remcving viable infants from pregnani, bat dead muthers were reported
for man end rebbits #5 early ae 1651 by Willicw Harvey (42). This has
also been confimed in cate (4D).

If glycolysie is the only sneervhic source of energy, then bioc-
chemical estimates of the swunt of snaewchtie glycolysis ehould give
an index of the snoxic energy production. As pointed out previcusly,
masked rimes in lactic acid may result from minor pH changes in the
sbeence of oxygen deficiency (62). Since ancxic and asphyxic newboms
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M;s&nﬂopmmmm“hmuwm-u
&naerobic glycclysie only poorly. Aleo, Villee has pointed cut that
MSMWMPMMMMM:&HMM&MO!
mMm¢umumsmmmzmhm,n
mtnmtuwtmuuafmmngrmucm“m
exact measure of the rute at which hexoses have been metabolised in
the glycolytic eyede” (116). Despite these limitaticns, sttempts
mmmwmmmm:mwemmw
& rate of energy production, Crose Las Mnoted ihet anaemiic glycolysis
will give only about 71 of the energy cbtsined by the wdidative breske
émurﬂnm,mithmfm%mmmm&Qmw,
whose supplies of glucose st birth are necessarily ilimited” (26). This
ie because while the complete cxidstion of glucose ylelds 38 emergy wich
phosphate bondé, degredation to pyruvie acld gives a net gain of ouly
twc energy vich phosphates per gluccse molesule {116).

mmmm-wmwuummummﬁmmm
nmormumtcndd'm:t-ntmnxmﬂtqtmhﬂm
requizeseat® (114}, Fe fesls thet Wit is wilikely thet this smoent of
energy would suffive for the observed survival of the metlet® (116).
mmwwwmmwh-nmgwm
are a litile higher, One day old rate bed a "fivefold inereese in the
Muwmctnwdrmm-rmabhumwam&a
conditions®, This in "less than half the amount neceseary to equal
seroble energy profuction® (71). The disparity in the two estimstes
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cannot be attributed to urinery loss of loctate sinee with the ancxic
decresse in blood pressure there ism a dealine in urine production.

As Dawes demconstrated in fetel lambe 15 minutes of snaxia decressed

the urine cutput from 0.2 « 0.3 nl/min to less than 0.01 wifmin (30).
All the ostimstes of enaerchic glycslysis to date lesve ons with the
mmmmmmmﬂuaamnmmuw
pmﬁeﬁm unlego other anaercbic energy scurces play a eipgnificant
role. Further ovidence that the decreese in cxygen congmpticn of
hyposie kittens 18 not compensated by & correspending incresse in
sngerctic glyeolysis i» afforded by the failure to demonstrate an cxygen
debt (52, 88). Although there ie generally a rise in cxygen consuwmpticn
mmmcmmmemm,m.mmm-mnw
sture is retumdng to contrel levels. Also this swll elevation in
Wmﬁmiljﬂﬂmwmtmr'hmnhﬁtm
tc alevate the body temperstuve and its much less than the decrease in
OXTRAn mﬁm&mw Thus, it sannot be maintained that
mw,ummmmm,mwa&mtdwtmmm
back (52). The abeence of significent elevations in caygen conemmption
mmxmumwmmmmmmmww
of slgnificant awoomtie of araerobtie glycolysis, sarticularly since the
mmtuwxmummummmm
doubt cast on it (5). In this vegemd It is of interest that in seals
@merging from 15 minutes dive “only cne-half of the debt is paid off in
¢mﬁwmzm.mnmwmtmmmnm
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to extend the pagment over & prolonged period during which the metabow
iiem is only elightly above nommsal {73). '

nww)hammmmﬂomnn:wmm
on limited cxidative metaboliam deepite the inhibition of engerchic
glycclysls. He injocted newbom mice with doses of €0 mgfkg of iodo~
scotate which completely inhibits glycolysis and causes & merked de-
creage in axygen consampiion to leee than 5¥ of the contrel rets. The
mmmmmrMmmmmwm-umnmm
caygen utiligetion in the sbeence of glyeclysle®,

Becsuse the brein 1s the most sensitive oroan to anccis in adult
enimgle, & mmber of investigators heve focused on the metabolic chore~
ctoristics of newborm Lrain. MManMhW
ﬁ-ma:mummmwﬁwm* Hewboyn rat
brein has an cxygen conwrption which is one-thim to two-thimds of the
adult rat brain oxygen consmpiion cn a wet weight besls {(60). Pupe
show similar changes in brels caygen consumption with growth (56).
Mdmmmummmm@r-m
water contant of cerebrel tissuss with increasing age. The avermge
mdsywmamuﬁo&dmﬁ(mmm&(wm
is sbout 127 while in the acult animal it is 227, Caleulated on a dey
weight basls, the increspe immetabolic rete with metumstion is not
evident in rate (54). |

Although the ¢verall changes in oxidetive meteboliem of newbom
end adult brein can be interprested in the light of decressed water
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content with age theve are some other differences. In the pup the
mmm&clmutmmmmmmmam,
this is reversed in the sdult (56)s It appears that the portions of
mmmmacmqmqmmmmmwnaQa
relativaly grestor oxygen requirement (60), end immsture animals which
mmtdqmummm&m.nmﬁmt%m

& Yityo studies support the notion thet the ancxic newbown has
& decrease in metabolimm, (hesler and Mmmdeh (22) found that in brein
slices from five day old rets ensorctic glycclysls (as sstimated from
anoxic lactic acid fomstion) provided only about one-fourth of the
mmwummmﬁum{um
from caygen consamption). The disparity between cxidative and anaercbic
Miummmtmmmommmumc.
The more mariced Crabtree effect (stimulation of ansewble glycolysis
“Mummazmummdu)umuhm
may contridbute to their ancxls resistance.
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THEDRETICAL COESIDERATIONS OF METHODE

mmmmmum”mm,mmt
techniques were employed. These were the methods of direct and ine
direct calorimetry,
Direet cplovimetyy

by the technique of direct celorimetyy one attempte to follow
energy metabolism by monitoring the rete of heat produstion, Thus,
coergy which is not dissipeted as heat, but is stored in the fom of
ineressed stuetural complexity (ex. lonic gredients end chemical bonds)
will not be measured by this method, In ehort, divect calorimetry re-
nmmmafnmu-.hnmmmoumm-;

Feat produstion cen be calculated from hest loss snd body tempera~
ture according to the following eguation

rate of heet production = pute of heat loss ¢
rate of change in body heat

If the body teperature remaing constant, then hest production
end heat lose to the envirumment are egual. Decause the ancxic new
bom has appreciable decreases in body tempevature, it was importent
io estimate changes in bedy heat content. This was done by obtaining
continucus records of rectal temperature, Since the bedy bas & themmal
gradient from core to surface, there is apt to be an ervor in estimates
cfh#hstmm«mmnmmurmmm‘
In adult yats, (which are about the seme size as pups) this ervor hes
bean found to be sbout 7.55 (20). Since the present studies were
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not concemed with the total body heat, tut rethor with the rete of

wmmmmm.mastmrwmmwu

mmmewnmmuummmwm
and & marked decremse in cutanecus perfusion the rectal tempereture is
ept to lag behind the mean body tempersture, |

If in @ given minute the change in rectal tesperature differs
mmwamwmwmmm.muﬂ
ﬂhu&:nﬂqﬁ;mxhﬁoﬂmﬂ%t@r”p&«
duction. Compared to the usual rates of heat producticn this amownts
to & 1007 error, In the present calculations the changes in rectal
me:aumuhm“omsﬁatm;
line which was visually fitted to the plot of rectal tempereture
agrinst time, This eliminated some of the rendom error, but the systen-
mamrmwumnamxtmmmmmw
ature and mean body tenpersture was still present. Genmerslly the great-
est decrease in rectal tempersture ccourred in the colder beth and was
assoclated with lower values for heat production.

The value of 830 cal/kg woe selected s the specific heat for the
pup's tissues. There are no figures in the litereture on the speeific
beat of newbom enimals. The figure of 830 cal/kg best defines the
specific beat of adult vets { 20). This wvae deterined by placing
doad members of that gpecies in @ bord calorimeter and weeguring the
heat loss associated with & given change in body Lespersture. Since
newbomn tissuce are nomally wore hycreted than those of adults, thelr
epecific heat may be higher. However, 830 cel/kg is the value that wes
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Mm;ﬂmmmﬂbmwtwandmm
m-mmatmm.ummumwmmmmm-._

ulmumwhmmmtmm,muw
tc the mte of heat loss, a given error in elther the specific heat
crmm‘ufmwmt&nﬂlmﬂ.MSan
-lllmr:nthmmtwwpmmm ¥ith these limi-
tations in esiimating body heat, in mind, the eguaticen for the rete
of hest production can be rewritten as it was uoed in this thesis:
rute of mte of L T
heat production = hest loss + (830 eal/kg) (change in rectal
teperature/nin)
ﬁ'm“t&msmmnﬁhﬂhuﬂmmm
before, during, and after snoxic spiscdes, it was poeaible to estimate
the mate of heet producticn for the sawe pericds. |
Indirect calopimetzy
nwﬁamwmmmmmumm
¢loxide production, most of the recent experiments have detemined
cxygen congumptlon. Ibis is because teciniques of measuring oxygen hyve
wmnm“mwwﬁmmwm
ormm-nw@mnmxmamamm
ting the situation.
mm.mﬁimmmmﬁwm“m
tiwn and sercbic energy metabolism:
Oz consaption x caloris equivalent of 0y = m::ez
Nost investigatore employ o fastor of 4.8 calfce of caygen as the
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calorie equivalent of oxygen. In this thesls the value of 4.8 calfcc
of axygen was sleo used.

-By cembining the information fyum direet and indiyect calorimetry,
it vas hoped that incresses end decreasges in the animal’s energy ro-
served oould be estimated. Thus, during pericd cof ancais where cxygen
congumption is sere, the rete of hest production would be & measure of
the rete of anaerchbic metabolimm.






METHODS AND MATERIALS

MMumummmmmmmm
ten hours to three days. Older pups generally did net £it into the
animal chember. The welght renge of the pups wes 330 to 567 g. The
mummmumummpummmna
mmmmmnmmmm-nummﬂ,anm.
and after the birth of the litter,

The recording of rectal temperature was carried out with a rectal
themistor, mmmunm,mamm
of two seconds. It was potted in the tip of & 1 mm 0uDs vixyl tube
with a 48 em long leed. The themdstor tip was dipped in X-Y¥ lubricat~
ing jelly end then introduced a minimm of 2 am past the anal sphincter,
The rectal themistor was held secure by taping the leed to the length
of the tail, mmm«;.mm&amﬁwmﬂ:ﬂwm
mmumuummm,mwmm.
Figare 1 and table 1 depict the nor linesr relation between smbiemt
temperature and themdistor aignal, This was obtained by taping the
mmrupwmmmot.mmmm
sibmerging both in water of vauylng temwersture. The thermdstor themmo-
metor is potentially move seneitive than 0.01°C which was the limit of
rescluticn of ocur standard thersometer.

hamwmmmﬂmm,-mmmeu~
meter was constructed after the principles deseribed by Pensinger et
al (10). The unit is slaply two eopper shells with a spiral of 270



Figore 1. Themistor thermeometer calibration
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thersocouples between them. The layer of themocouples was construeted
by weaving & copper-constantan ribbon over and under an odd meber of
1/6." thick plastic strips which were 1aid length-wise cn the ingulated
exterior of the immer copper shell., 7The themocouple #ibbon wee 1 o
wide with half of the width being copper and the remsinder constantan.
As this ridbon was interlaced through the plastic stripe notches wore
Placed along its length sorcss ite midline from altemating edges. In
the end there were 270 themooouple junctions in series with all the
copper to constantan junctions onm e side of the strips end all con-
stantan to copper Junctions on the other surface. Cver this pattem
otMnhMmMmm. Both copper
m-u-ﬂmmmmmmwmuwm
their adjacent surface with Clearscal. 7o keep the two tubes concemtyic
an 0" ping was placed between them an inch from eath end. e cavity
mmmmmuummmxmmmﬁﬁm.mm
The chamberts intemal diameter is 0.9 e and the distance between the
Mmhﬂdu.'

Cne end of the unit wes et in @ permmnent plastic seal, In this
seal were imbedded the gas inlet end outlet tubes plus the leads to the
themopile, The othor exd of the chanber wae fitted with & plastic 1id
of the same dinengions as the plastic sel. Hach plastic end was 3.0 en
thick and reflected light cn ite imer surface o a8 to minimize rediant
heat Joss, The 1id had & small hole for the rectal themistor lesd.
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The animal wes supported on & grated metal aleeve to wminimize direct
contact with the cooler chavber wall. The animal tzey in tum wes
separated from the chamber wall by two "Of rings. Calibmation showed
that changing the heating element or its pesition in the chawber did
not influence the calorimeter response. The calorimeter was calibrated
by placing a nichrome wire inside the chamber. Dy varying the asperage
geing through this resistance and messuring the potemtial drop across
the wire it was possible to measure the electrical energy disasipated
in the chamber. This was converted to & rate of hest flow by the
following equation:

cal/min= volie x anpe x 60 x 238
The estimated standami deviation of b, the slope is 0.05. The estimated
standard deviation of g, the intereept is 0.005. As figure 2 depicts,
the response was linear over 3 range of energy imputs which exceeds
that encountered in the subseguent experiments. Iy the method of least
equares @ regression line of the calorimeter aignal (x) on the caloric
output or rate of heat loss (¥) wes obtained:

¥= 38,56 - 1.23
Table 3 shows that varying the embient tesperature from 20.3°% to
25,7°C and the gas flow from 150 to 220 ecf=in did not produce signifi-
cant deviations from the lincar relationship between heat input and
calorinetor signal, This 19 to be expected mince 200 o¢ of saturated
alr will rewve only about 0.005 ewall callories on being wamed from
20,5°C to 22°C (provided it is net further estursted). To minimise
heat loss via vaporisation the gas wes humidified at the bath temperature



Figure 2. Calovimeter calibraticn
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TABLE 3

CALORIMETER CALIERATION

Bath Balance
Tewp, Cas Flow Corrent Potential Feat loss Potential

29.7 165 v - o 035
20.3 158 e o s e 039
2.7 186 o - e 431
29.7 Yo Flow R o e 032
2.7 Bo Flow e B o <031
29.7 150 <059 515 o3k <140
29.7 150 L7 7.00 7.80 226
29.7 186 080 7.50 2.57 » 260
29.7 220 113 10.40 16.7¢ 63
2.7 1% 113 - 10.54 16.86 &3
2.7 220 B & VN 10,50 17.09 &3
20,3 166 128 1n.ns .48 «5EE
2.3 185 «130 11.97 2.22 599
29.7 154 +130 12.00 2.: +607
203 159 +136 12,60 Aped? +676
2.3 159 «101 17.70 25.53 689
297 22 o343 13.0% 26,65 275
29.7 154 163 14.50 3.5 501
2.3 186 199 17.00 4831 1.290
29.7 220 «220 19.90 62,52 1.657
20,3 158 «240 2.2 76.08 2,000

203 167 B3 210 9T 2.562
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Just before it entered the chamber. This was accomplished by passing
the gas into the bese of & water filled Jar through a fritted glase
tube. Iy placing a themistor near the point where the ges leaves
the chavber it was found that generally the effluent gas is aroung
1.5°C warmer than the tepereture of the entering gas. At the flow
mtes employed, the heat dissipsted by waming and further saturating
the gas is about 0.25 cal/200 cc which is less then 17 of the obeerved
heat loss.

The 500 response time of the celorimetor is sbout four minutes.
Deepite the slow responee time, the calorimeter can follow the changes
in the animgl's heat loss reascuably faithfully, 7This is because
mmmmofhhtlmmﬂﬂammhwedmm
where heat production has stopped.

Combining the regression eguation for calorimeter cutput with the
factor for body bheat, the equation for heat production takes the follow
ing form:

% * ctminnatﬂ Q{CA‘)

W empereture/ain

The oxygen consunption was odtained by the equations

O consuptior= 7 mnw‘} 10, /efnd

body kg
The equation was simplified according to the following considereticne:
1)némmtm(nmﬁ)axmmwmm
aperiment was constant at 23.697 Op as determined by Scholander
enalyeis,
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2) The volume leaving the system will differ from inflow volume
by enly 0.57% per ¢ .1 change in R.Q. at the flow rates employed
here, This is within the limite of error of the present instru-
mentation.

3) Changes in gas volume from changes in weter comtent or temper-
sture do not enter into the cslculations because bath flow
mro:mﬁmmhtmaxﬂqmatm.

k) mmmmwmngﬁﬂmmm
converted tc percent axygen by the eguatioms

iﬂaofwnrﬁm

Where k was the calibyetion constant in mm Hg per mV analyzer
output.
The final equation for oxygen confmpiion ueed was:

%m-/-in/wnwnwm‘é? mrm 17

Ges flow was messured by & salf heating themistor, which was
placed in the path of the inflowing gas. The thermistor's resistance
changed in proportion to the cooling that varylng rates of gas flow
produce. Figure 3 depicis the electrical cireuit of the themistor
flow meter. A reprocucable, non linsar calibretion curve was obtalned
cnce the unit was submerged in ice water. 7Table and figure 4 show
the calibration which was obtained using a Collins spircmeter as &
volumetrie standard., 7The advantages of the themmistor flow meter are
that it covers & wide range of gas flows with considerable smmsitivity



Figure 3. Clreuit for themistor flow meter
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Figure &» Themistor flow meter calibretion
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and gives a steady signal despite pressure changes from the animalte
respiratory efforte.

m-mmmmuwmuzmw. The ehift from com-
prossed alr to nitrogen wes generally brought sbout in 2 to 3 minutes,
nmuummmmnhmmtmmm
increasing the flow mie to 2 1/min. The flow rete was retumed to
the control level once the caygen analyser indicated that all of the
oxygen had been flushed cut of the chamber. To temingte the snoxic
episode the reverse procedure sas followed, The duretion of an ancxiec
epigode was defined as the interval from when the analyser indicated
Serc axygen until the time shen the chasber was firet perfused with
air again,

The cxygen concentmiion of the cut-flowing gas was cbtained
by passing 60 cofmin of the effluent through e Beclowmn model F-3 cxygen
mmmmmm&—mumm
content. The sewple gae wes puped to the analyser with & lew capacity
suction pressure pwp. The flow was regulated to 60 cofmin with
mﬂnmmﬁpmmm The gas flow rate was
indicated by & flow meter distal to the analyser. By injecting &
w-u-mmmu-mmzmmm
appesred on the anslyser in about 50 seconds. To compensate for this
delay the coygen analyser signal wes relsted to the rectal temperstuse,
best loss, and gas flow rete of the previcus wimute,
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fiocause the newbom's ancxis tolerance is influenced @0 mariedly
by anbient temporature, attopis were made to evaluate the effect of
this variable on the parancters detemined in these eperiments. To
do this, half of the experimente were conducted with the chamber in
& 20,2 °C water bath and for the remainder the temperature was 29.45°C,
muﬁhmmmﬂwﬁmzmmw-mm
1ight and a stirrer. mpmmmmmmmmdm
lamp wes btalanced Ly ruming cold tep water through o heat exchange
oodl in the bath,

Harometyic pressure was deterined during the courpe of each
axperiment. mm.mr%mmw,uuut
loss were rocorded with & four channel Gress Folygraph. In each case
8 low level U-C preamplifier wne used,






FESULTS

The aperinmtes yielded gualitatively unifom results. 4 signi-
ficant quantitative compilation of the data from the individual animsple
was precluded by virtue of the sample sise, end varisbility in asbient
temperature, duration of ancxia as well as ani=al age and weight, Bo-
cause each animal served as ite own control before the ancxic episcde,
meaningful conclugicns oan be dxsm from individusl animals even though
between rung there are almost as many variatles ap exporimmnts.
fleotal temporeture:

In every experiment theye was & definite fall in rectal tempers-
ture associated with the anoxic eplsode, The fall in tempeorature wes
about 1°C in the wam water bath (29.45°C), while in the cold water
bath (20.2°C) the decline in rectal temperature wes as much as 3°C.
tharacteristically, the fall in recial teeporature became increasingly
pronounced during the couree of the ancxic period and extended into
the recovery period, In 9 out of 12 of the axperiments the maxciwum
rate of rectal tempersture fall cccurred in the early part of the
recovery period. Thip is mest likely o reflection of improving cad-
ise function bringing relatively stagnant cool bloed from the peviphery
to the core. The depression of sircaletios with snoxis has boen well
documented { 109. The change in the ralstion betwemn rectal tepereture
and mean body tempeveture asscciated with changes in dietribution of
blood flow severely limited the guantitative interpretaticn of the data




on heat productica,

In all six eperiments io & warm envirconent, the minimel rectal
temporature wes reached by the 12th minute of the recovery period and
generally before then. The six cold experiments had & falling teper-
ature curve extending & minimum of 18 minutes ints the recovery phase
and ugually much longers

In 10 of the 12 runs there was & subsequent rise in rectal tesper-
ature towards the control level. The two other experiments continued
to show slight decreases in rectal tepersture during recovery at o
reduced rate. |
Heat loes |
" the rete of heat lose during the control period wae sbout 75
cal/min/kg in four of the eix animale in the wam woter bath. Pupples
in the cold beth had significantly higher ietes of heat loss, grestor
than 100 cal/minfkg. The two youngest pups in the cold bath had con-
timuously falling rectal temperaturee during the contmol period and
showed much lower retes of heat loes.

Puring the ancxic period there was typieally & slight decline in
the rate of heat loss. In five of the wiperiments there was & sudden
buret of measured heat loge toward the end of the anoxic eplscde. The
repid appearance and subsequent dicsppearence of this signal wes
 apparently the charecteristic calorimeter response to the pessing of
m.m,wm'rmmarmexmmmm
in the chamber after an wporinent wae conpleted during which this



sadden rise in heat loss was obeerved,

Cenerally the rate of heat loss started to increase immedistely
after the ancxls at & time when rectal teperature was often otill
falling. 7This apperent digcrepancy may be due to the digscciation
between rectal and cutaneous temperature plus the increasing insen-
sible hoat loss with improved ventilation.
liest production |

Relatively smll changes in rectal tempersture led to marked
variaticns in caledlated heat produstion since 0.1°C change in temper-
ature corresponds to €3 calories of heat per kilogrem. Thus, the derived
curve of hest production shows spuricus fluctustions to the extent that
the rectal tesperature changes were cut of phase with the mean body temper-
sture. This wes particularly promcunced during periods of presuzed de-
creaging and recovery cirvulatory function during end after the ancxia.
For exmsple, if mean body tesperature declined gredually by 0.15°C over
& period of mimutes, but the correspunding change in rectal temperature
cecurred later during & ope minute interwel, then 125 calories would be
subtyacted from the hest loss for that interval and a negative quantity
for heat produstion would result.

Degpite this limitaticn in the measurement of hest production, the
sirple calorimetor gave surprisingly goed correlsticn between direet
and indirect calorimetry during periods of steady state, During the
contsol period the six pups in the wam bath meintained levels of hest
production below 100 cal/minflkg, generally about 75 calfmin/kg. The
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four clder pups in the cold bath had a control level of hest preduction
of about 125 cal/min/ig, The two pups who entered the ecld bath on
the firet day of life were uneble to maintain thermel homecstasis and
showed a progressive decline in heat production as rectal temperature
decreased.,

Within the first two mimutes of anoxia the rate of heat production
regularly began to decrease toward levels that were slwmys below 508
of the control pericd. With the drop in rectsl tempemture during the
early recovery period, there was often & corresponding dip in the heat
production curve to below sere. During the actusl amoxic period, heat
production was alweys 2 positive value. After less than 10 minutes of
recovery all of the pups showed & rise in the rate of heat production
and & retum toward control levels., The subsequent course correlsted
well with the tempersture curve, Animals which retumed rapidly to
control tempersture alsc exhibited retes of heat production above the
control level. Other pups, who made & sluggish or incomplete themmal
recovery, had heat production mates at or below the control level., Two
pups, who succumbed to the ancxia, had a repdd drop in heat production
to zear soro. The finding thet heat production continued to hover gbout
gore for up to four hours of ecooling served as & chock on the calori-
meter, and the value for the animal's specific heat.
Oxygen consueption

During the control pericd the caloric value of the cxygen consumed
correlated closely with the heat production but was almost alweys & fow
caloyies above it., Thia cennat Lo explained by the error in estimating
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mean body tespersture, ince the excese cbserved by indlrect calori-
melry was presmti over several hours regurdless of whether rectal
tenporeture was stable, rising or falling.

Immedistely precoding and following the period of sbeolute sncls
is & three minute span of hypoxia during which time it was not possible
to caryy out indirect calovimetry becsuse of the changing gap composi-
tion and flow associsted with the flushing. During the flush periods
there was rogularly a slight dip in the heat lowe curves for which wo
correcticn was made eince its magnitude end duretion wore small.

In all aperinents the indtial post anoxic measurements for cmypen
consumption were markedly depressed in corparisca to the eontrol values.
In 11 of the 12 experinents the initial celoric value of the oxygen con-
suned fell in the rengs of 25 ¢ 6 cal/min/kg vhich wae genorally less
than half of the control value. The rise in post anoxic caygen conewmp-
tion always exceeded the rise in hest production. The disparity be-
tween the two was least in the pup with the shortest ancxlc period,

The arca between the heat produstion curve and the axygen consumption
curve was always greater than 200 caloriss. (Henceforth, whenever
mhmmmw.umwmm.m
congaption will be described in tems of its calovic value.)

Iamnlaxmmum“swmmw
twoen & riging rectal tempersture end & meeting of the lines deseribing
heat production and oxygen consuwption, This can be interpreted as show-
ing that at least part of an axygen debt ie pald beck before the pup payn
back 8 heat debt. Alteormatively, it =iy mean that the oxygen debt is an
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mmmmummcm«mmwm
period of falling rectal tempersture. In five of the experisents
epontancous rises end falls in rectal tempersture oceurred lster in
the recovery period. On each occasion the caleulated chenge in heat
production wes associated with a corresponding chenge in the messured
rate of caygen conewption. This closs correlation between ¢irect
@nd indirect calorimetry was aleo present for gredusl changes in body
temperature. ' '
GRpen. debt
' &n crygen debt can be defined as the calories of hest produced by
the animal during the pericd of anxla, is a corrdliary, repayment of
W'Wwiu-mhhﬁomotﬁcﬂmﬂlﬁmutih
cxygon congumed over the haat produced during the resovery period., In
overy aperinent the heat production during the ancde interval wus loss
mmmmmrawmumm(mg )e
The percent decresse in hest production varied from 2% for the shortest
Sncxie period of 5.5 ninutes (Mg 27-8) to 657 for the lomgest enviic
@Pisode of 16.7 min (exp ). The estimates for anoxic hest production
renged from 250 cal/kg to 770 cal/ig which is always more then the &5
Wumtmumxmammmﬂrmmu
stores (39 ).

 The heat produced during the ancxic interval has & rough quanti-
anmuhmamm’mm'm
in the early recovery period. Although there is considereble individual
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7%
mm,mcmwmmmmmormmm
debt is within 127 when all the aperinents are taken together, The
individual experimemts show & correlation coofficient of r = 0.69. Cen
mmmmamn,mnuxmumso.m&pmuwﬂm~
ting such & corrdlstion by chance alone.

The subsequent 12 figures illustrete the foregoing generalities
and point up some of the individuml variations.

In experinent 22 (£ig 5), the one day old pup showed an initiad
Hn&nmmw“mnutle-mﬂum“tmm.
The low temperature cbeerved shortly after removal from the animal
m,mthhnanmam The elight dip in
mmmmmpmummmemmmmqm
mmuﬁemmthMMpmenmmtmw
W & change in cxygem consunptlion &8 ocourred at 120 minutes. With the
maxm.mmmmuhmmmmw
decline. Within the firet ten minutes of resovery, both parameters
started to retum toward control levels. The mate of hest loss decreased
only by about 3 cal/min/kg during the 11.5 minute ancxic episode,

ntmtlmmtaatmmdm-tﬁniasw
mmummmmmmzm-mmm
8 negligible oxygen debt in this puppy. However, the pup's metabolic
regponse to anoxis appeare Quite different when an oxygen dedt is ro-
defined as a disparity betwesn oxygen consurption and hest production.
During the ancxie period the beat production curve cutlines sn ares



£s}
825

wi
There wis & concurren
production with the fall

Sxperiment 22, 1l1.5 minute anoxie qd.ludu.

in axgygen consuwption and heat

temperature at 118 sinutes.

?igmﬁn
than a 507 decrease in metabolism,
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corresponding to 3% calories which is move than & 507 decresse in
beat production relative to contyol level. If thie is an incurred
mm.neemmmnmmmmw“
@ygen congaption exceeds heat production during the immediate ve-
W'(ﬁl%m6§mﬁmym&m¢wﬂm&w
torn axoept that this litter mate was one day older and maintained a -
higher body teepereture and rato of heat loss. Again there wes un-
oquivocal evidence for an ancude muppression of energy metabolise ae
Judged by the fall in rectal tenpersture, rate of hest loes, calculsted
mm.ummmmmnmwm
consmption, In this cese the retum to contsul body tawpersture omse
somevhat later and was aseociated with & pesk in the cxygen comswption
curve &t that time,
mn4tm7.m.?)mmmmnum
with 3 thres day old pup. While the previcus two expérinents in wam
bathe showed less than 8 1°C fall in rectal tempermture, this pup with
& compareble ancxio perdod bad & 3°C fall in rectal terpereture. Dur-
ing the carly recovery period rectal texperature takes s particularly
stesp dip and the corresponding negetive values for heat producticn
probebly reflect & drop in mesn body tewpersture, which actually cecurred
during the ancxie perdod. immmmwammm
meﬁmmmmmmwmmumtmmm~
m.otmoﬂotvmm.dm. There wae, however, & marked rise



Figure 6. Dperiment 23. Nine minute snoxic period,

congurption exceods hest production
the pay off of an oxygen debt,

ins
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Figure 7. BExperiment 13-A¢ 11 minutes of anoxia in the cclder
bath. 7he animal showed @ marked fall in rectal temperature.
fiote the high rete of oxygen conmepticn and heat production
during the period of thermal recovery.
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Bl

in cxygen consumption sbove control levels, which correlated well with
the corresponding rise in heat production.

Bperiment 13-B (fig €, table 8 ) 1o & second snoxic episcde in
ﬁq“mmﬁmm&tﬂmmmmm“
eoviroment. The differwnce in the eontrol pericds plus the drep in
cxygen conswpticn, heat production, and heat loss from about 150 cal/
min/kg at the and of the previous gruph to sbout 75 cal/minfkg in the
oevond control period, reflects this pup's homeothermic response, As
in the other experiments, this pup showed the typical fall j» heat
production Juring the ancxic eplecde with @ suppressicn of wygen coa-
m‘mﬂ;m Hiere agaln the major portion of the
post snoxic rise in cxygen consusption is not an caygen debt, but rether
the energy expenditure of gemersting & rise in tespersture,

A third encxie episode for nine minutes in the wam bath at 626
Mpmﬂmn.inﬂmuudmmmmﬂm
ive exposures.

Experiment 21 (fig 9, table ¢) demnstyates the poikilothermic
behavior of cne day old pups in the cold bath. During the course of
847 hour control pericd, rectal tempersture declined from 32.55°C to
23.56°C. The rcmmu-mmzuummm with & 400
to 507 decrease in cxygen consumption, heat loss and heat production,
Thls pup®e hypotheria enabled him to tolsrete the longest period of
ancxia and hence, the results are not as subject to the orrors intyo-
duced by repid changes in state. The enocxic heat production of 250
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el

cal/kg was 357 of eontrol levels and agreed within 67 with the excess
cxygen consumption of the recovery pericd, This same puppy wes the sub-
ject for experiment 24 two days later by which time he had gained 33 g,
and overtly recoversd from the hypothemmia and 16,7 minutes of ancarla.

In experiment 24 {fig 10, table 10) the puppy had & 41¥ decrease
in heat production during the first anoxiec episcde. In this case the
excess cxygen consumpiion was 147 greater than the 490 cal/kg heat pro-
duced during anoxia. The caloric velue of the oxygen consumed was also
calculated for the lowest calorie equivelent of 4.5 cal/oe of oxygen.
It ean be soen that the excess cxygen conswption 1s 14% less than the
enoxic heat pruduction under these circumstances, The caloric equivalent
of oxygen varies with the substrete, frem a maximm of 5.0 cal/ee for
carbohydrates tc a minimm of 6.5 eal/ce for proteins, Thus, the over-
all conclusions are valid regardless of a possible change in substrate
since the oxygen debi pay off is present even when celeulated in tems
of the minimm caloric eguivalent. Ry the time of the second shorter
anoxic episude, the pup had not restored his ncmmal tolerance. The
measured heat loss during the four hours of cooling sccounted for most
of the observed decrease in temperature snd hence, the calculated heat
preduction remained close to gerv.

In experiment 25 (fig 11, table 11) the young puppy had a falling
rectal temperature in the cold bath. The excess oxygen consumption
covers the incurred cxygen debt whether 4.5 or 4.2 is taken as the



ing of the
with the amount

of eool

t the
pay off correlates
hest production regandless of shether 4.2 or 4.5
calfec is taken as the caloric equivalent of oxygen.

Figure 10. 2. Two consecutive exposures tc ancxia
in & three day old « There was decreased tolersnce to a
second shorter snoxdc episcde. The level of heat production
remined clcese to ser

doad pup. 7The oxygen debt

of anaerchic
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Figure 11, BExperiment 25, 12 minutes of ancxdla in & hypothemde
pup. Although indirect calorimetry alone would not provide
evidence of an oxygen debt, the combinstion of direct and indirect
calorimetry showed cleoge agreement between the oxygen debt in-
curred during anoxis and the excess oxygen consmption of recovery.
lote the coincident decrease in oxygen consuwsption and heat pro-
duction with the fall in tewpereture at 300 minutes.
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28
caloric equivalent of axygen. The level of oxygen consmption remained
below contyol levels throughout the immediste recovery period when the
oxygen debt pay off occcurred, The pp in experiments 20-A and 280
{fige 13 & 14, tables 13 & 14) survived a second longer episode than
was tolersted by the clder litter mate in experiment 29 (flg 12, teble
12). This ie consistent with previcus reports of decreasing anoxis tol-
erance with increasing age. In each of the snoxic eplecdes in wxperiment
28, there was wore than a A0f decresse in heet production snd greater
then 855 pey off of the oxygen debt incurred,

Experimente 27-A and 27-8 (figs 15 & 16, tebles 15 & 16) is encther
sories of twe consecutive anoxic episocdes of shorter duretion and in the
worm bath. These two experiments iliustrete the added informaticn that
can be obtained sbout en caygen debt when the conventional approsch of
indirect calorimetzy o supplemented with direct calorimetry. If the
MmmmgmmﬁmhMmuamnaf
the megnitude of en oxygem debt, then the secund shorter ancxic eplscde
had the greater wmiygen debt. Iy direct calorimetry it becomes evident
that after the first ancxic episcde the pup's tempersture continued to
fall while in experiment 27-F there wms & repid rise in rectal tespere-
ture with o corresponding incremse in the rate of hest production. Ry
foeusing on the difference between direct and indirect calorimetry, one
finds that the chortest snoxic eposure had the smsllest oxygen debt
paid back and the quickest thermel recovery.



FPigare 13, Bmperiment 22-A. The steepust fall in rectal temper
ature occurred after the anoxia snd negative waiues for heat pro
duction were derived. The most likely explanation for these
spuricus values of heat production is that heat wes redistributec
within the body in such a fashion as to pemwit a fall in rectal
temperature without & corresponding transfer of heat to the calori-
metor,
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Figure 15. Experiment 27-A. Relatively short anoxic episcde
with little decrense in hest production during the ancxis and
& correspondingly lavger oaygen debt pay off in the absence of
& retum to control rectal tepemtures. In this experiment,
Wuntmumm;auamncwm~
mtim‘ This incresse would represent the sonventional
demonstration of an caygen debt by indireet calorimetry.
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In attempting to estimate the amcunt of anserbic metabolliem in
anoxic newbom mammale it wes found that the standamd method of measur
ing an cxygen debt by lndirect calorimetry alone wes insdeoguate. The
presont aperimente show sonclusively that buc cannot sesume & constant
rate of heat produstion ss 3s inpliclt in the conventicnal spproseh.
Instend, otudies e.t'tm ancxic snsryy metgbclips and aspociated oxygen
debt must igke into conslderetion the posaibility of more then & 50F
decrease in heat production during aroxis. Spually importent are the
peveistence of 8 decrease iu maepgy notebolies during the first part
of the recovery pericd end the marked rises in hest predustion shen
rectal lewpeareture retums townwds comtyol levels.

In onder to deal wAth the changes in the level of hest production
ihe conoapt of an oxygen debt was modifisd to include both direct and
indirect calorimetzy. Thus, an oxygen debt incurred is equal to the
wmmormmamm-ummmmmmum
producad during anoxis. The oxygen debt pald beek correspends to the
replenishing of depletod energy stores and this is estimated from the
excess of caygon cansumed over heat evolved during the recovery pericd.
The advantage of this sppreach is Lllustreted by experiment 25 (fig 11)
whore there is & sigseable oxygee debl pedd off although oxygen conswrp
tion mm«vm levele. Altemetively, in axperiment 27-B
(fig 16) most of the rise in wygen conswption above tontrol levele



4
corresponds to & heat debt rether than an oxygen dedbt. If indirect
calorimetzy alone had been used, then the conclusion would be opposite
from the fact, namely that the gecond much shortor mmoxic exposure bad
the greater oxygem debt peld bask.

, The utilizstion of & mpidly responding gredient calorimeter in
thess eperinente made possiblie the gimultanecus measurenents of heat
loss and body tenpermture during snoxia for the first time. IL 35 thus
possible to demcnstrate conclugively that in anoxia the newbomn pup has
& decreased rate of heal production and by inference, a decrvased rate
of energy axchange.

The magnitude of the decresse in heat production as & function of
duration of snoxia remained somewhat uncertain becsuse of an apparent
digparity between changes in rectal temperature and changee in mean
body temperature. There was, however, & trend towan! decreasing heat
production during the course of ancxia. After nine minutes of anuxia
the rete of hest production wes alwaye at least 507 below wmtrol levels.
The puppy with the longest ancxic aposure had an 807 decrense in the
rate of heat production at the end of the ancxie period. These pro-
nounced deoreases in the yute of heal production ere consistent with
the previcusly reported findinge relating to gross muecular insctiviyy,
depreseed cardio-respimtory function, carbohydrate deplotion, and ex-
cese lactate accumilation.

v The net heat production for anoxic epigodes lasting nine minutes
or longer was alwaye below 670 of & corresponding control perded. An-
cxie epogures emtending beyond 11 minutes had lese then 507 of the



heat produstion of an eguivalent control period.

The four pups with the gremtest measured heat production during
anoxia werw in the cooler envirczment. It is possible thet cold pro-
motes ewrvival by facllitating anaorobic metsboliam. tmr_nmlhr
altemative axplanation ie that in the cold bath the disparity between
rectal and mean body temperature becomes more pronounced end cbhecures
what le sctually 8 greater decremse in heat production.

The initial intent of the experimental design was to cbtain en
estimate of the anoxic emergy metebolism by messuring the excess of
oxygen ccnseption over hest prucuction during the recovery period to
compare vith the directly measured energy emchange during ancxias. The
twe cotinmtes of an oxygen debt show an overall sgroement within 127
and have & correlation of 1= .69 (tadle s ).

Aithough the anaxic heat production agrees falrly well with the
subsequent axvess of oxygen ccnmrpiion over heat produsticn, both
egtimates of an cxygen debt are prolably high. The negative values
of caleulated heat production shortly after ancxis in experiment 28
Llastyete the linitations of the nothod. These spuricus walues for
heat production result probably frum & redistribution of heat within
the body during the early reecvery pericd. This is evidenced by the
repic fall in rectal temperature after the anoxis. The probable se-
quence of ovente is that with the maried decrease in cardise functicn
during ancxia there is disproporticnste cooling of superficial tissues
compared to the core, Once cariiac output recovers, the stagnant aool
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sudden deorease in rectal teperature svem though the corresponding
change in mean body tespereture occurred during the anoxia. Mo allow-
ance has been made in thess @periments for the disperity betwesn rec-
tal tempereture and mean body teperature. Congaquently, both indices
of the amount of anserohic nmetabolism are too lamge to the extent that
rectal temperature lage behind mean body tewperature, In the light of
of these congidemations the values for the percent cdepresslon of neted
oliss must be taken ag minimum values. Sxperiment 28 1llustretes
another much smallor factor which alec ehifts the ancxdic heat production
curve upwards. This is the sbnpt incresss in the rete of heat lose
with the refiex urinaticn and defecation which occurs in the lstter
balf of the ancxdie exposure,
The estimation of an oxygen dobt pay off was subjevted to the
following sources of errory A
1) Inability to meagure oxygen congunption during the interval
vhen the chember 18 being flusheds
2) Inabllity to define the axmct time when the pericd of excess
oxygen congurption starts and endsg ,

3) Difficulty in estimsting the point st which flushing is neither
 inadeguate or tec genevens. An overflugh elevates the effiusut
P%m;tmuudnﬂrlwmmr-wm
Thiec was the usual direction of error ky intent {o avoid over

estimating the coygen dedt pay off
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&) The downmrd ehift in the Dest production often below serc
from the docrense in reclal tempereture ssoondary to a ro-
distribution of body heat with recovery;

5) o allcamace has been vade for the depletion and yeplenishing
of the animal's ciygen otores which could correspond to about
65 calories. This adjustmant wes omitted since the corres-
ponding events protably ccourred during the flush periods.

It is %o be noted that euch a correction alcne would not alin
inste the caygoen debt pay off which wio alwmys at least throo
times a8 grogt and sometimes tan fold lamgor than the estimgted
Xy #ore.
Other soaress of potmtial error include the poseibility of & change
in the calorio equivalent of ciygen during recovery and the wrong
tewporal relation botween the cusves deseribing caygen consurpticn and
begt production.

in view of the possible ervose, little more then gualitative eigni

ficance can be attachel to the wwess caygen congmption of the recovery
period. 1be observed excess in caypm conpured over the haat production
of the recovery period alwaye dleappoared by 20 to 30 minutes. This
wﬂlﬂﬂhhﬁﬁwwmw#ﬂ
Buckaboo { 6. ) has investigated and correlated with an axygen debt.
ﬂ“ﬁﬂﬂm“mmﬁnﬂmm
vanishes within 200 elnutes of the anoxic peried, it takes houre befors
enoxia tolerence retums to control lovels.



The initial decresse in coygen conmumption to below 508 of control
levels provided further evidence for a decresse in eergy metaboliem
during ancxia. 7This finding camoct be attributed to overflushing of
the chambor gince it was present in aperiment 29 (fig 12) where &
short l-=imute flush wes inadeguate,

In general, the gremtor than two-fold varisbllity in energy meotab-
cliem during the contivl pericd was consistent with the reported ontogeny
ortho.mm In the wern beth both one and three day old
Pups had relatively lower levels of wnergy tumover. At the colder temper-
ature pups in the firet day of life responded poikilothermically and had
decreaging retes of heat production with & falling rectal terpersture.
Older pups alec had & relative insbility to restrict heat loss, but they
maintained thelr rectal tempereture with marked incresse in heat production.

¥ost of the variability in amcada tolerence between pups can be ex-
plained in teme of decressed ancxia endurance with increasing age, higher
axblent teperstures, and with successive anoxic exposures.
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