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CHAPTER T

IXTROLUCTION

I. GENEZRML HISIORICAL IRTLOLICTION

The presently lnown charscteristics of carbon dioxide
ure in sturk contrust to the neme, "fixed airv, applied to
! it by the eightesnth century chemists who discovered its
prasence in alr. Cur present knowledge of carbon dloxide
cauges us to charnctierize 1t as anything but s fixed entity.
shen one contemplates the physiological resesreh on the
funcetion of ourbon dloxlde within living syetems, 1t would
seen more aprropriate to eall it “elusive air®. Cre of
the principnl resgsons that its nnoture is so slusive ls.
that, In ndditlon to disgolving In aguaeous solutisng, it
also readlly disuappenzs 8 molacular enrbon dioxide znd
recppears s snother chemiesl entity, the hydrogen fon.
This transformstion occurs by way of what seems to be =
simple chemieal recetinn involving carbonic aclé o8 an

intermsdlate,’ »ere it completely transformed 1irn solution

to hydrogen lons and some znion, the study of carbton dloxide's
effect on cell funetion would stlll be frairly simple. This
1s not the c¢mge, hovever. 7The c¢logsely raluted entities,

carbon dioxide, cervonic ncid, hydrogen Lons; and bicarbonute



ions togethexr participste in a couplex relaticnshlp colled
& buffer system. The functlom of = buffer 18 to malntuin
the atutus quo of Liis environment with respect to the
hydrogen lon concentrasitlicenn of the enviromment. (he exigle
ence of this. system cdds to the elusive nature of carben
dloxide since carbon dioxide may elther appesr or disuppeusry
depending upon the density of the molecular populstion at
the two extremes of the followling chemlesl relotionship:
COp + By0=——" HyCOy—=H'+ HCUx.

The complaxity of these interactions is further ln=-
erensad by the knowledge galned from biochemleal studles
that the cells of living tissues may contribute both carbon
dioxide and hydrogen fons from the reactions of intermedicry
metabolism. Thus it is possible to add functionel entlities
to both ends of the system. Froa these simple conaiderations
it is then resdlly sppurent why atiempts to separste the
effects of carbon dioxide and hydrogen ions o8 possible 4
controlling devices of wvarious cells have been {raught with
difficulty.

It szexg that csrbon dioxlde wns suspected of exerting
a controlling effact on function very early in the history
of physlology: Lavoisier's recognition of the necossiiy of
removing carbon dloxide when breathing, ss well =g the
necasaity of bringing oxygen into the lungs, 1s =n indlcse
tion that he had at least a very broad appreciution of the

potential controiling functlon of earbon dloxide. Lavoisier's



work pre-dated the popularization of the lell Theory by
about fifty years, and 1t Lis natural that he should think
in terns of the totzl organisa or, at bess, in termns of
organs. &ith the enuncilation of the Cell Theory in the
widdle of the ninatesnth century, the laportznce of the
cell 28 the ultimata unit of orgznic function was stressed.
There {3 evidence that physiologleal thiniing gradually
turned to the cellular level as the polnt where carbdon
dioxidc wmight exerd it¢s controlling effect.

KEYS (1945) notes that as early as l8z4 one Henry H1ll
sickzan wrote a letter %o the Royal Soelety proposing that
carbon dioxide be used a3 an amnesthetic. This points to an
appreclation that carbon dloxide could salectively control
some cells of the body. HMIBACHER (1885) considered that
carbon dloxide could play a role in controlling body
funetions. BERT (1878) summorized his work on the effect
of ecarbon dioxide on wvarious organs, Including skeletal
musele, by concluding thot accumulation of curbon dioxide
in the bodies of animals caugsed intras-organlic oxldations
to progressively decrease, This he visualized as occurring
because of the interposition of a terminnl obstacle which
stopa the whole series of chemicnl trensformntionas. He
also observed that the heart wus the last %o die in severe
hypercapnla, and that this was in contradicticn to the then
common notion that carbon dioxide was a polson of the heart.

From his observations of the depressive eontrol exerted by



carbon dicxide on the organism, he cautiously suggested
thit carbon dioxide could be used as an anesthetic.

From the experiments which followed 1ln the latter half
of the nireteenth century, it seems loglcal to assume that
carbon dioxide censesd to be thought of as & polson and
that it wss belng considered more as a potentlal controlling
agent of cell function. 3Sclentific thinking was not sharpened
to the distinctlion between the effect of the hydrogen ion
and the effect of molecular carbon dioxide untll the turn
of the nineteenth century, when the work of Bgrenson and
daszelbaleh introduced the meansurement of hydrogen ion
concentration. 7

EINGEN (1893) removed COp from saline and found that
frog ventriclaes would contract longer than if the CO,; were
left in the saline. However, he cautlioned that “whether
it has a speeific effect or scts as an acld, these expeii»
mants do not decide", That he perhaps was thinking of CO;
a8 o possible controlling device 1s indicated by the
extension of his experiments %o blood serum wnlch also was
observesd not $o¢ sustaln cardisc contractility when saturated
with esrbon dloxide. .

WAiLLER and SUSTON (L8$6) did tne same experiments with
an isolated heart and zlso found that carbon dloxide halted
the contractions, but observed that they were again resumed

upon washing out the carbon dloxide with alr-bubbled saline.
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1

A farther insight into the extent of c¢arbon dioxide influe
ence wns provided by thelr observation that the heart's
electricsl activity stopped much leter than the loss of
contractlility. The anmlysis wrs carried still) e step
further by thelr experiments to Sepurate posgsible rate
effects frow the contractility effects. Ctannlus ligatures
were applied to the heart and, while being electrieslly
driven, z Alminution of contractile activity wvas still
obsarved,

The possivble controlling function of carben dloxide
on nerve was investigated by wALLEL (1896). idig findings
wvere that the “negutive varlation® (resting potential) was
altered by eérbun dioxide.

with the surn eof the twentieth cantury, many different
preparations were used to study the effect of curbon diqxide
on the wvurious organs contalning the different types of
muscle cells. These attempis to separate the effects of
earbon dloxide and pH on musele have not been s thorough
nor as fruitful 4s the investigation into their role in the
control of respiration. The efforts towsrd separating the
effects of pH and CUp on muscle functicn were perhaps stim-
ulated by the.work of the respiratory physlologists. This
trend my be reflected in the few sfforts, in racent years,
to compare the effact of pH and COp on the isolatad hesrt
and on isolated skeletal mnuscle. 4 brief look at the

efforts of respiratory physlologilsts to dissociate the



? the effects of CUp and pi will serve te iliustrate Lt one
or both of these agents mny be impllcated in sthe contrel of .
celia, and that the isplation of trelr respocuive roles on
cellulaer esntrol is not zlwuys readlly schleved.

The relative importance of carton dloxide and the
hydrogen ion on respiratory control wag a malier which
stinuluted much controversy even shortly ufter HALIARE
and SPRIESTLY (19CS5) showsd that earbon dloxide hzd an lopore
tant role in the control of ventilztion. Ihey sttyributed
{ this control, ut that time, exclusively to the carbon dloxide
pressure in the respiratory center. <ZShorstly after this first
paper, BOYCOID and HaLO:KE (1908) coneluded thut urterial
acicity, =and not solecular ouzrben dioxice, wzg the suvisutus
for ventilcotory control. The dewoustration by J.Luls (1lvz20)
thet CUp eould penetrste cslls und could then fors on scld
within the cells contributed to the concept that intra-
cellular aeildity w=s responsible for the control of
respilration (GESGELL, L923).

The Danish physiologlste, represented by Krogh,
Lindhard, and Hielsen, conslderec thut tne unicue stimulus
for ventlletory control =as the molecular form of c¢arbon

dloxide. KIELSEN (1851) concluded that COp was the unlque

stimulus for ventilatory control and that the hydrogen lon
served &S u potentlutor of the COp stimulus. SCHAILT (1956)
hus since defined the role of hydrogen lons as being only

slightly suimulagory «ud hoving mostly = toxic effect on

RV Sty



the respiraztory center.

It would scem that the uworks of Jacobs and Cessell glve -
the first hint that the study of the econtrol of resplration,
or the control of sny physiologlezl nctivity, could no
longer be stimuluted by & striet sdherence Lo Claude
Sernard®s well-known generslization. sceording to this
generalizaztion, the regulation of function was accomplished
by processes which tended to keep the Internel environment -
the blood plasma - constant despite changes in the external
environment - sverything outside of the body. However, if
this concept i3 extended %o include subdivisions of the
interpal environmeut, then the concept 1s as useful as it
wss when £irst postulated by Clewde Lernard.

5ince cells have been shown Lo be dlserete entities
within orguns, it seems loglcal thut they would have an
importont separation of tnelr interncl environuent from
thelr external environment by an inter-envirommental barrier.
This conceptual scheme emphasizes thuat the solution of the
problem of control must take inte account the hehavior of
the carben dioxide-hydrogen lon comblnatlion toward the
inter-environmental borrier, the cell membrane., rossibly
their control functions are related to thelr effeet on, or
their mobility through, the cell meubrans.

That the internal eanvircnment of the cell must, in turn,
be divided into sub-units of internsl and exterrsl environ-

ment, would secem to be a loglical extenslon of this conceptual



scheme. Modern microscopy h2s shown that there are discrete
organelles within the cell with barriers which effectively
separ&té their environment into an external one and an
internsl onc. GDlochemistry has shown us that these particles
are very close to the source of activities which control
overzll eellulur function. The mitochondrion, with a
cerplete membrane system of its own, 18 of priumary lmportance
to metabollc control of cellular activity. The endoplusmic
reticulum, with s membrmnous organizntion, whose complete
ramlificztions with respect to structure and functlon has jJust
recently become apprrent, also appears to be an fmportsnt
intrscelliular controlling device. The myofilaments of muscle
cells, though without a membrane, effectively dlvide the
intracellular space into subdlivisions where control of
activity way oceur. To control the function of cells, it
seens loglenl that the operation of controlling factors must
be nt the level of subcellular units. These subcellular
units are reschable only throuvgh a sequence of Internsle
external environment complexes that possibly follow Claude
Bernard's originnl dictum, but with infinitely greuter
complexity.

Speaking’ of respiratory physlology control, EOEIR (1963)
has indicated thut in order to understand its control pro-
cestes, one must turn to the interior of the cell, because
that 1s whers the units, which can effect control, are

located. what Robin has postulated as necessary for the



: slugidation of the mechanism of control of breathing, 18
i also apolicsble to the slucldation of the internal control
of the heart,

That the earbon dloxide-hydrogen ion system, im all of
{ts elusiveness, does hzve an effect on the heart, will be
seen from ths survey of the literature which follows shortly.
Control of the heart immedintely bdbrings to mind control of
the esrdlse musculsture, whieh certainly constitutes the
tulk of the orgsn. Howaver, there are two other functional
anite which may be controlled in conjunction with, or
independently of, the myocurdisl cell mass. These two
functionsl units are the coronary clreulatory system and the
rate determining aystem. These may be Lnteroralated in some
or =1l of the possible permutations, or they may not be at
gll inter-related. To study whct controlling effects are
exerted by the oarbon dioxide-hydrogen lon cowpleX, b éeems
loglesl to begin with the isolated heart. With the isoclated
heart, the cells may be kept in zn environment thal iz a9
physiologieal as possible, and at the same tine, axtranaous
factors msy be kept at a minimum,

Tc study the heart isolated from all the usual in situ

exogencus control mechanisms 1s not to deny the importance

of these mechanisms. Rather it is an expressicn of what
seems to be an inescapable conclusion that Lf the control
of ecells i3 to be understood, one must look to units where

control is possibla; this 1s the cell, or its intracellular
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subdivisions. Controls from sources externul to the hesrt
must ultizately be effcetes =t the cellular level in the
nesrt. It may be exerted on the myocardial celle, on the
modified myocardinl cells of the lmpulse genernting snd
conducting system, or oa the gmooth muscle cells of the
coronsry vesculuture. slso, these controls must be lxposed

ns supplementnry or complimentsry effects to those iaxposed

by loczl conditions within the heart on the various econtrole
1sble entities. It would seem that the first step townrd
understanding the function of cardiac controls is to determine
whether or not cardinse controls exist locelly, 2nd Iif they

do, Whet the relative contributions are for esch of the
various elements. The carbon dloxide-hydrogen 1oh combinztion
is 2 likely candidate because of 1ts ublgulitous nuture as

weg previcusly dlscussed.

It would seem, from a first snalysis, thot the lsoiated
neart is far removed from & study of function ub the cellulusr
iavel., It is, howvever, =n ulmost completely honogeneous |
muss of curdise muscle cells. It bus the advantage of
containing a complete and readlly accessible distribution
system for = physlological fiuld. It also hns the sdvantage
of an indawelling physiologlical stimulator, the pacemarelr.

Gipnce the onpillary system has been shown by w4l
(16356) to exlst in some snimals in close to a one Lo one
ratio with the curdizl muscle cells, utilization of the

coronary vssculnr system permits renching o maximum number



o

11

of cells wish the perfusate. +his ellminstes the posslillity
of having & populstion of dylng eells within an snoxic core
4s oceurs in preparations waleh merely bathe the tissue in
& physlologleal mediame. »ith wll of the cells of the
mrocoralum theorstically squally exposed to the perfuszie,
vhe smyocapdium's vehavior in response to varlous puarsnelers
is » modei of the resporse of 2 single myocsrdial cell.

The pehevisr of the corcoury vasculsture, elther
direesly to changes in one of the purameters or sacondayy
to changes in myocardinl cell functlon, muy be zg9sgssed by
the chanpges la flow through the coronary SysStemis & cl:apge
in coronary flow may be gautlously interpreted 22 the
result of chenges in swooth zuscle tension. Jhanges in
radlus wiil cause the most merked flow chumges through
blood vessels, since, asccording Lo the Folsseuille»ﬁa&e;
formuls for flow, flow 1s directly proportionsl to the
fourth power of the radius. Certulnly, the srbveriolss,
wlth thelr ruoius controlied by suwooth muscle, glve & most
exaet snd exquisite control of flow. iiowever, othner factors
may slsc change the radius of coronzxy vessels onéd, thereby,
the flow through these vessels. . wldespread swelling of
caplllary enddthelium could alter flow markedly by effecting
a4 change in capillary radius., Varying extraaurel pressure
or the vericus purts of the vasculsr bed, by alterctions of
myocardisl tension or by changes 1o the volure of extrae

celiulsr fluld, could alter the rudius of the vessels., Inis
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sgualn would te reflected by changes tn flow. These lndlrect
varlants of vrseulmr flow ore mot alwuys sepurated from the
effects of smooth xuscle conbrol in the works eite¢ in the
Litersture surveye.

The: cfore, the responges of the coronuly veseculanture
mey yeflect smooth suscle response, but other celle mey
contrisute t3 the btotul plcture. . nypothesir zeluting
vagculnry £low to siwoth nmuscle cell functlicon uust only Le
mide after coreful examination of the resulis for contri-
tubions from the other potentieslly significunt fuzelors.

The Function of the pscemuker may be anslyzed in mueh
the sume frshion. Loiever, since the pucemaber functions
in conjunctlon with the other conduetiie tiusues of the
heort, = complete study of the effeet of controlling fuctors
on rute wourld have e tnie this into zecount.

Thercfore, the igsolsted heart is propesed =8 o rodel
systen for the study of the response of the three cell types
to the npnssible controlling cctlon of the carbon dioxide~
nydrogers ion system, =&d Lor the study of poscible secondary

tnterzctisns LSetween the effacts on the three cell tyres.
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II. COTUTRENERT OF T PROBLEN

The problem herein considered may be steged a8 follows:
o study the respenses of the three cell tyres found within
the isolated heart to carbon daioxide, and to determine
whether one oi more of the three cell types respond to the

influence of carbon dioxide in its molecular form or as the

hydrogen 1on.
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11X, o SURYRY OF T8l LITLL JTURE
seneral. ‘ihe Literature survey is divided inte Ghree

uIcase The first srea deals witi: the effect of curbon
aloxide or nydrogan ions on the developuent of tension Ry
curdiuc wuscl& tissue. [he second sren censiders the efiect
of curbon dloxide oxr nydrogen ilons on tne rate of contrac-
sion of the heart. The third eren encompusses the alter-
ation of swooth muscle tension by nydrogen ions, curbon
dloxide, and oxygen concentiution shanges. Various kinds

of smooth muscle preparatlions were surveyed on il

sssunption that evidence mpplicable to one of these other
preparutions may have some relevance to the swooth wuscle

of the coronuary vasculuture. /180, in the survey of this
ares of the literutwre, the elifect of oxygenr was lnciuded.
The literssure of wasculsr resistance links hypoxia and’
nypercapnis; and the exper lments reported inecluded situztions
in which hypoxia mignt be s facter in coronary resistance

enonges,

the effect of chonaing the earbon dloxids op tbg
nydrogan ion concentrnticn pn the tunsiop of $he myegsnrdium.
GoSERLL (1881) showed thzt when he perfused frog hearts with
0.7% sedium chloride solutions made ncid by 1:10,0C0 or
1:2¢,00C lsetic smeid, the eontractility of the ventricles



decreased.

RINGER (l693) studled the effect of CO2 on myocardial
tension in a qualitative manner by analyzing the effect of
removing COy from the dlstilled water used to make up the ste
line perfusion fluid. In these experlmcnis, Linger found
thut the solutions wmade with wster which had been bolled
to expel carbon dioxide would permit contractions %o
continue for longer periods of time than suline which did
contain carbvon dloxide. Lhinger's experiments do not
show whether this 1s a specific effect of c.rbon dloxide
or one due %0 the increased acldlity.

WaliEk and SOGTON (1896) showed that by bubbling the
parfusing saline with CO, the contractility of the isolated
heart (specles not siated) decreassed and then dlsappeared.
They also demonstrated that the electirical activity of the
hezrt continued after the gontractions dlisappeared. Tha'
erfect of curbon dloxide was reversible when the sallne wus.
bubbled with alr,

HENDERS0OX (1908) demonstrated thet the presence of
€O in the blood was nscessary for the maintensnce of the
proper activity of the mwarmmualian heart.

JEEUSALEM and STARLING (1P10), using frog zund turtle
hearts perfused »ith Ringer's solution bubbled with oxygen
and carbon dioxide, found no augmentation of contractile
strength by carbvon dloxide, even at the 5% leval.
Depreasion of the size of contractions began"at the %

Jresrmrary
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carbon dioxide level and increased with Increasing cerbon
dioxlde. tension. The curves relating the effect of Cup
to contractile tension resembled those of GiBKLLL (1841)
for the effeect of lactic acild on the contractiiity of the
frog hesrt. Jerusalem and Sterling also reported on heusrte-
lung preparztions in the sume paper. Using five heot t-~lung
prepsrations Lfrom cass cnd one frow & dog, they found that
when the lungs were azsrated wlth gas nixgures contalning &5
to 8% carben dioxide, the contractility of the ventrlcles
was enhazpced. with serstion of the lungs Dy gus nixiures
containlng 18% %o 20% CCj, the tenslon ut systole was
decreased merkedly and the tension at dlastole was decreased
to & lesser degree. From these experiments they concluded
that there aust be an optimal concentration of CUp ot which
eardise contractility is maximum. ‘

BUKKIDGE (1512) observed a decreasa in contractile
strength of the frog's ventricle when the hydrogen ion
concentration wus increased by weak inorganic aclds.
Organic zeids nnd strong lnorganie acids had no affect on
the contractiliity of the ventrlcles.

HARRWALDER and STAHLING (1913), using the dog henrt-
lung prepsration, with the blood protected Irom clotilng
by hirudin, found that 1237 COg ln the gus mlxture serating
the lungs coused the myocardlum to relax, u@ shown by a
dilation or increase in circumference. Iney zlso noted

that asphyxla cauged a more severe effect than was obsarved
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with just en lnoresse in carbon dloxide. They roasoned
from this thot some netnbolites other than Clz must be
exerting thelr influencs.

¥INES {1913) used 2 solutlon of Kall, KC1l, and CaCly,
puffered by a borate-soetate buffer to perfuse the frog
venart. shen HCl was zdded to muke the pH egual to &, or
when BaOH was sdded to incersase the pH to 12, the heurt
stopped in a strongly contractec stale. vhen smzll changes
in hydrogen lon concentrations were made, there was a slow
decrezse in contractility.

CLARK (1913) observed a decrease in the force of cone
traction of 3he lsolaled frog ventricle perfused wlta
Einger's solusion when the pH reached 6.5. This cccurred
whether the pi wns reduced by the addition of streng mineral
sclds or by increase of the COp concentration bubblling the
saline. Increased scidity hod =z beneflclel effect on
contractility between pH 8.3 and pd 6.7. He concluded that
the beneficinl effeet of acldity was only partly due to the
effect of the hydrogen lons, snd that there must alsc te
some direet effect of COg on the musele fibers. Indicators
were uged to follow the pH ehanges.

SATTEESGE (1914) confirmed the findlngs of MARKWALIAR
and STAILING (1913).

DALE and THATCHER (1914) perfused the frog's heart with
s2line buffered with o borate-acetate tuffer and found that
the sinus venosus stopped besting st pH 4.0, the nuricles at

,A!“ it
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pH B.4, ard the ventricles at pd 6.5 This indicates that
all purts of the heart have o tolerznce o seldity well
veyond physiclogicul levels whieh iz much greater than had
been believed previously.

SALAKT and JOHRSTON (1924) found that only & saull
deercuse ln the force of contraction occurred in the isolzted
£rog heart when she pil wug decreased from 7.2 to 6.5. They
alsc observed that the deerease in force of contraction wus
of the gsame order of magnitude as the decresse ln rate.

CREMELS and ST ELING (1926) demonstroted that the
changes in pi produced by COp nhed a greater effect on the
volume of ths dog heart than the pil changes produced by
adding 1Cl. <8 =4ditlonal evidence thmt COy was more effec-
tive in sltering myoczrdial contractility, 1t was observed
that the changes in function in response to COz occurred
several minutes before the blood pil had reaches equilibrium.

FrLIGEN et al (1952) found that some CUp wus requlred
for the maintenance of the stzbility of venslon deve lopment
of the isoluted rut ventricle strips. 7They also reportsd
thet the shrolute mngnitude of contractlon tension decrezsged
with the additlion of any carbon dloxide.

EONIF4CE and BRCWY (1953) atudled the effeck of c¢arivon
dioxlde on eontraeticn tension in the open c¢hest dog. They
proposed the hypothesis thzt COg was the cause of depressed
myocordinl contractility. iHowever, no attempt was wade to

gsepsrate the possible effects of decressed pH {rom thoze of
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ireressed enybor dioxlds concentrntion. The effect of
decreused oxygen concertration srlising from the lntro-
ducticn of larger pzrtial pressures of enrbon dloxide wus
not eveluated elther. Iespite the depressing effect of
iz, the hesrt tended tc recover its control contractility

sftor exposure to high CC, tenslons for 18 to 3C minutes.

L

VAGCHEAH WILLIAME (165%) designed a serles of experi-
ments to snnlyze the relstlve effects of corbon dloxlde and
¢H crinnges on eontracticn tension, rate of contraction, und
conduction velocity. These experiments were done on
isolated rabbit ouricles perfused with n modifled Locke's
solution. The chenges in pH were sccomplished by wanipu-
Inting the concentrations of bticarbonmise or carbon dloxide
nccording to the Henderson-iasselbalch relutionshlp.

Cnznges in bicarbonite eongentration were made by altering
equivalent nzounts of the chloride corcentration. The
cation in both cuses wug wndiuw. She foree of contruction
wos grester in alkaline soluticns and less ln acld solutions.
This wag true except when the blcarbonate concentrution was
incressed beyond the 2C-30 millimolar rangs, and then even
incresses in 2)lkalinity produced depressions of contractility.
Upon aanlyzing the relative effacts of pH changes versus
changes in eurbon dieoxide concentrstion on aurlcular
contractility, Vaughan %illiasms concluded that the force of
contraction did not chunge unless the pH of the bathing

solution wus changed. In other words, the increases in



carbon dioxide concentration were without effect on
aurficulsr contractility unless these 1lncreases uerse
allowed to increase the hydrogen ion concentration.

PEICE and HELKICH (1955), using the dog heart-lung
preparation, ehanged the pH by changing the hydrogen lon
and the carbon dloxide concentration. They concluded that
increases in hydrogen ion concentration were responsible
for the decreased contractile strength, und that changes
in COg concentration had no direct effect on the ryoeardlum.

HMeELEOY et al (1988) perfusec seven isolateu guinea
plg hearts by the Langendorfi method. Tension changes were
racorded from the apex of the heart by an ink-writing lever.
They attrlbute the decresse in contractility to the incresse
in hydrogen ion concentrstion only. They further concluded
that changes in CCp concentration, or blicarbonate concen-
tration have no dirsct effect on the contractility of the
myocardiume.

DAEBY et al (1960) studled the effaect of increased
COs coneentrztion in the sir respired by the oven chest dog
preparation under foreced ventilation. Increused Clp caused
a merked reduction of contractility of the ventricular
musculature. -Ti4M was used ns @ buffer in an attempt to
geparate pH effects from the carbdon dloxide effects.

Bacause eontrol experiments with THAM indicsted that it hed
an Lnnerent positive inotropic effect,it was difficuly to

evaluete the contributicn of the ncld-base balance

I stiox oo
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correction. ilowever, the authors were of the opinlon that
Clg hed & pronounced effect on the ensrgy productlon by
myocardisl cells. This, in turn, would affect the degree

of contractility produced by the cells. They further
suggested that C0p may bave a depressing influence on energy
production by n mass ccotlon effect which lnhibits cerobie
or anteroble energy metabollsm.

[O%NING et 21 (1965) used the zuto~-suprorted csi hears
preparation to asssy the effect of metabolle acidosls on
myocardiel contractility. Infusions of lectic or hydro-
ehloric acids, which lowered the pHl to 6.8C, cnused little

or no reduction in the contractility of the myocardium.

Ihe effect of changing the earbon dloxide of the
bydrogen lon gomgentretlop on the xate of contraction of
$he myocardium. JERUSALEM snd STARLING (1510) showad that
carbon dloxide In excess of 8% supplled to the lungs of
the cat or the dog heart-lung preparation, czused a slowing
of contraction rate.

MabksALLEE and STAKLIRG (1913), using the dog heart-
lung preparat@pn, demﬁnstrated 2 decrsase in the rate of
gontraction with inereasing eurbon disxlde concentration.

#INES (1913) demonstrated that solutions secidified with
strong aclids slowed the excised frog heart. The saline in

which the henrt was lmmersed was buffered by borste-ngetute
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Tuffers.

L pnd TEATCHER (1914) noted thet the rate decrecded
to zero st different v¥ values for the worious purts of the
neart ns cited for the cessution of contractilitvye.

IERDREE and 2ABTLR O(192&) studlied the eifect of acldosis
on the rate of condracticn of the turtle hesrt. Thelr budier
gystem wes of doubtful astebiilty since they used kinger's
golutlion with C.0L5% Neilly without equillbratlon with LUg.
the gesired pH wes reached by titrestion with lCl. they
found thant neid solutions decrexseu the bexrt roie ond
alknline solutions Ilncreassed the henrt rule.

ARNLRUS pna CABETEER (1924), cgoin using the biczrbonate
buffer without LUp, found thst acidosis caused s decreased
heart rate in perfused dog nearts. +hen the pH wss wnde
less thon 7.0, the function of the heurt was impaired.
Alkaline solutions restored the rate.

Using isolsuted rabbit zuricles bathed »ith & solution
buffered by bicurbonate in eguilibrius with various concen-
trations of COz, AKLRUS (1824) found thzt slkaline
golutions did not increase the rate of comtraction. It was
observed that the rave remained at=ble until sthe »i fell
below T.&, and then the ratz decrezBec.

SALANT wnd JUSRSTON (1%24) found oniy = szmll decrsuse
ir the raote of contraction of the frog heart when the pi wus
decreased fronm 7.2 to 6.5, The time lag of this effect was

approximwately twelve minutes.
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ISCOVEDD (193G) removsd the heurt from froges nnesthe-
tiged with urethzne. The rute irst Increzsed :nd then
cecronsed when exposed o new pil values from He.2 L0 645
hinger's seline wab used wnd the pid was changed by additions
of NigrOge.

L ghudy of the acld tolerunce of the deg hesrt by
GRRTLEL et al (1%48) showed thnt the asrteriael pH hed to fsll
Lo 7.0C before curdlac rate wag uffected. -~ further f£all
to pid 6.85 wna reguired hefore the heart wes srrested. This
eldo demonstrates o tolerance by the heart to wuch lower pH
values than previously belleved. There wus no evidence of
parsial or completz heart blocks. The suthors concluded
that matabolic wcldosls does not cnuse the decreusse in rate,
but thot it L2 due %o an incresse in CC; concentrztlon.

wHITEAOSH and BEAN (1952) useu the deceredbrated deg
preparation to study the efiect of various gases on heart
rate. Corbon dloxide (11.5%) in oxygen caused slouwing of
the heart.

Bruwll and “ILIER (1808) caused dogs o respire CUp
concentratlons s kigh ag 8Ch in experiments designed to
gtudy the tolerance of tha dog heart to high Cilge At these
uigher coneentrutions, COp caused curdimc arrest without
any avidence cof partisl or complete blocks on the ECG. Yo
distinetion btetueen the effcct of high ocarbon dioxide
concentration and the effcet of low oxXygen eoncentraticn

was mude, however. The authors conecluded that COp appesred
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to have a greater depressive effect on heart rate than is
produced by aclds =t equivelent pH levelis.

BONIFACE and BROWN (1953) observed a marked brady-
cardia when open chest dogs were ventilated with increasing
COp ecncentrutions. sgain, these suthors did not gepurate
the effaects of decreused pH snd decreased OXygen <oncdne
tration from the postulated effects of high earbon dloxide.

STONE et al (1955) found no constant chunge ln rate,
or arterial blood pi in whole dogs breathing 3Cf% cerbon
dioxide in oxygen.

VAUGHAN wILLIAMS (1955) studlied rate changes in hils
isolsted rabblt auricle preparation and reported that rate
remnined stable over a wide range of carbon dioxide
concentrations, pH changes, and blcarbonate concentrations.
The rete was often decreassed zt pH values of less thun 7.2,
but it wag not deereased at alkallne pH values.

NaksE (1956) showed that COp produced bradycardie in
the whole curarirved doge. Ue could not determine whether
this wus an effect due to carbon dloxide or to the
inecreased hydrogen ion concentration. de slso stated thet
he was unable to determine whether the effect was exorted
on the myocsrdium directly, on the sympsthetic tone, or on
the chemoreceptors.

MEKLEOY et sl (1958, coneluded, from experiments on
isolated gulnea plg hearts, that an lnerease in hydrogen

ion concentratiocn wes the factor which caused bradyeardia




and not the change in carbon dioxide or vlearbonate
concentration.

8:5L2ZANO nnd HALL (1960) reported that COg produced
bradyesrdin in dogs. Ho separation wss made of the ph and
CG,, effects. .

SITHOEFER and KaZE#l (1864) used whole dogs to study
the effect of C0p and metabolle acidosis on rate. They
concluded that the initial control heart rate determined
whether inereased carbon dioxide concentration produced
pradycardls or tachycardia. In their opinlion, COE had a
direct effect upon the heart to cause brzdycardla. They
postulsted that such an effect could be upon undegenerated
vegnl endipgs or upon other "peripheral mechenlsms®. The
dogs were decapltatec to separate the central fron the
peripheral mechanisms. Hetabolic acidosis, produced by
infusiong of hydrocaloric or lactie acids, caused a ‘
decrease in blood pH comparsble to that produced by carbon
dloxide. The pH decrease caused by the wsclds, did not,

however, slter the rate of myccerdial contraction.

Ibe effect of guensige the gurbop dicxide, oxysen, 9
she hydrogen iop Soncentration on yasculus reslstonce and
on supoth mugele tension. GALKELL (1881) studlied the
effect of weakx laotic acid and weak sodium hydroxide on the

flow through the vusculer bed ol the frog's wylohyold muscle.
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By meascring the vessels' dicmweters with w microscope =nd
by counting the rote of suline drops effluxing from the
venous end of the bed, ne concluded thot acldie solutlous
enused vasodllation. He elsc observed that basie solutions
causged vasoconstriction.

BsYLISG (190G) used the skinned hind legs of frogs,
perfused through the sorts, tc study the effect of COz =2nd
lactic aeld on the circulation of the hind legs. <Ceybon
dioxide znd luctic =cld had the sawe vesodiluting effect
when they were dissolved in liinger's fluld.

LIX0E (1902, exposecd the frog's stomech to z wide
range of pi changes. weck lsesle seid (1:10,000) cuused
the isolsted frog stomsch to relax, wued increzsing the
strengtn of the scld accelerated the relaxutlon. &Strong
lactic =¢id scluticns (1:80C), when spplied to the seregal
atde of the stomseh, crusBed 2 rapid increase in tomnus with
o suoseyuent slow relaxation. He czlled attention to the
similzrity of the kKnoun responsges of blood veesels und tho
myocuardlunm to these ugents with the responge of the
isolated stomach.

Falinon (1908) used the uteri of cals or rubbite as
models of u muss of gwooin musecle ¢ells to annlyze the
response of smooth musele to pH changes. Using oxygenated
Ringer's solution, he demonstrated thet increasec alka-
linity sugmented the tone of the uterus, and that decreased

alkulinity decreased the tore. Strongly meid seclutions
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arrested the uterus irn a contracted stale.

with the heart-lung vrepsrotion of dogs that had
recelved injections of hirudin to prevent clotting,
AARRESLUER and STARLING (1913) studled the effecet of Clo
on the coronary clreculation. & dorswliz cannula wss
inserted lnto the coronary sinus zné the outflow neasurad.
1t wos found that 127 CUp caused dilation of the coronary
blood vessels. The observation thut asphyxia produced «
wore marked effeet than the increased (U, zlone, caused
them to pestulate that some non-volatile metabolites nust
be present in additlon to CU. They reasone¢ that, In
this mmnner.}the hesrt could ineresse the clirculsntion
through itself whenever increased demands were mads on its
functionnl cupzcitye.

FLEISCH (1918) perfused the vasculature of the hind
legs of frogs, in situ, with oxygenated locks's solution,
Jxygen lack caused a yapld and intense wasoconstriction.
Carbon dioxide varied according to the concentration used.
Low concentration (33) coused dilaticn of the blood vessels,
and higher concentrations caunsed vasoconstrictions which
inoreased in intensity wlth increasing CO, concentrations.
The results obtained when HCL was used fo inecresse the
acldity, were similar to those obtained with CO,.
Aydrochlorie acidé produced dllation at & nermelity of C.GCL
and constriction =t C.0C4. The smooth musculature of the

vascular bed uss not parslyzed since it readiiy regponded to
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other constricter mgents. He concluded thuat the dilator
effect was medisited through the nervous elements, nnd that
the constrletor effect was » direct one on the ouscles of
the arterioles.

ATZLER and LEZWANN (1821) found that when frog vessels
were perfused with Klnger's solutlion, there was no change in
parfusion rute between pH 5 and pH 7.1. Vasoconstrietlon
ocourred telow pH © and above pH 7.l. The presence or
abgence of the central nervous system made no difference 1n
these responses. Because of the direct relatlonship between
vasoular flow rete and pH, they suggested that thls was due
to a physieofchemieal rezction, probably with the contractile
proteins. ATILEY: and LEEMaMN (1923) found that the zone
where mm vescular reaction oecurred varied with the buffering
capacity of the buffer in the perfussate--the greater thq
buffering capacity, the more narrow the zone.

LESKE et al (1983) reported that buffered soluticns of
various pHd vzlues affected the blood vessels of the frog in
vorious ways. The blood vessels were dilated moximally at
pi 7.2, snd were constricted when the pH was le3s than 7.2 or
more than 7.4. _

EVANS and UKD HILL (1924) studied the effect of
vurious hydrogen ion concentrations on an assortment of
smooth wmuscle consaining organs, including the retractor
penis of the bull, uterus of the gulnes plg, uterl of the ;

@at and rabbit, various swmall intestine sections, nnd the
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iris of the cnt. Tney reported that the effect of Iincreas-
ing the hydrogen ion concentration wss to cause reloxution
of smooth muscle. However, Lf a preparation had been in
an slkeline medium previously, ¢ subsequent exposure Yo
acid produced an increase in tone.

HILTON and EICHHOLIZ (1928) found only o modest
incresse in coronsnry blood flow when the vessels were
exposed to comeentrations of 5% vo 8% COg. They dissgreed
with MARK<ALIER and S8TaRLING (1613) 1n that they clnained
thzt non-volstlle vasodilstors wers not lavolved in the
control of eoronary blood flow. They were of the opinlon
thet the reduced pOg had s dlrect effect on the vessel wall
and thus caused vasocdllation.

MeSEINNEY and KESTON (19£7) perfused varlous seetions
of the stomach from radbits, cats, and rats with Hinger-
Tyrode solution whose pi weas altered by changing the Cﬁé
concentraticn. fGhey found that n moderate change to the
acid side of ¢H 7.5 oanused relaxaticn of the isolated organs.
and 8 cnange %o the slkanline slde caussd contraction. Large
chenges of pH to velues between 5.9 and 2.1 caused contrac-
tion of the orgmns. They suggested that the reaction of
smooth muscle to pd chsnge was of a physico-chemicsl nuture.

MeLORALL (1928) found thst when the vessels of the
hind limb of the cut were perfused at pi levels below Tod,
the vessels would allate. 15 the pH continued to decreass

farther below T.4, the dilution was converted o a
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constriction at some polnt which varled with each anlmal.

GHEZN et el (1941) found that COp, had no effect on
coronary blood flow in the open chest doge. /noxla or
ischexia 41d, howewver, czuse un lncresse. Ko attempt was
made to isolzte the heart from the influence of the other
organs of the body.

STEIN and wBINSTEIN (1942) showed thut bathing in
curbon dioxide saturnted water baths produced vasodllation
of the humun skin veasels.

ECEERHOFF et zl (1947) found no signifiennt ClUp effeot
on coronary blood flow Iin the open chest dog preparaticn.
ipnoxia and low pH (7.08) did, however, cause sn increxse
in coronary flow.

GALLA ITSER-HMEIER (1950) meusured the pi of the venous
Blood of the stilmulxiesd dog's gustrocnenmlius muscle, end he
concluded that blood pH was pot the sole, or evsn the nost
taportant, factor responsible for the vascular ad justments
occurring during musculor asctivity.

The blood flow of the normally innervated hind leg of
the dog wns incressed by changing the pH from o control
velue of 7.4 to either the acld or the basic side (KESTIR
et al, 1953). - The cutaneous vessels were an exception in
thet they constriected st pii values more basic thon the
control., ‘These suthors establishes the desired pH values
of their solutions by HC1l, XalH, or complex buffers which

introduced seversl new ions into the eirculstion. [EAL



and CLESN (1984) uvelng the same preparation but changling
the pi with only HCl or NaUH, obteained the same results.

Ing oxygen content ¢f the coronary sinus gmve the
best correlatlion with coronary resistance according to
the report by 5878 et sl (185¢).

HeCREL and CLOWES (L966) found that the vssodilation,

produced by low oxygen content of the blood, was not

nediated by either the symputhetlc nervousg system or the

tiat the effect of low Oy coneentrstion was due to o dlrect
zetion on the smooth wuscle of the arterioles or to the
release of vasodilator substences from the myocsrdiuvm.

FLEISHHAN ot al (1957) found that £03 €O, had very
little effect on the resistance to flow Iin the ferelimb.
Their conclusions do not zgree with thelr data presente@ in
their graphs. £2ANUBL et al (1957) ezwe to a similur con-
elusion with respect to the effect of CO; on renul blood
flow. They obkserved that 207 Clz had very Little effect on
blood flow through the kidney.

BEERE at ol (1957) concluded thnat myocardizl plp, =28
reflectec in the coronery sinus blood, was the erlitical
factor in the:vasodilation seen in myocardial hypoxemia.
The oxygen lack at the tisgsues was postulated o be respon-
sible for weosodllator metabolites beinz released Lfrom the
heart wmuscle, =nd %hay, in turn, a2ffected the coronary

vessels. Thls rosponse wns demonstrated to be free of the

adrenel glmnds. They considered thut this observation proved



control of the sywputhnetic perves or of the adrennl glind.

seELLLY et ol (1956) used the Lseluted gulnes plg neart
%o study the effects of low pH versus high pli, on tne
coroncry eircuintion, as well aus for studyleg tihe effects on
rate ang tensicn. They econcluded that the lncressec flow
rote through the eoreonary system, withb increesing concentrue
tions of Clp, wuns due tc the decreusse in pd ond not to the
increased carben dloxide.

Using the isolstes heurt of the rst, ot £8°C., TGk
and YOUNG {1536) studlad the effect of increased hydrogen
icn concentrztinn versus increased carbon dioxide concen-
sration. They found that increased hydrogen len concentra-
tion incressed coronary resist:nece whether the hydrogen lon
concentration change was effected by ineressec pCOy, #C1,
or by lactic acid. The perfusste, Erebta-linger blcurbonste
soluticn, Gid have phenol red cdded to it as u pd Indfcator,
howevere.

CEAMFORE et al {(1959) questinned thub CO; excess hud
any vagoactive funetlon nfter thelr experlments with the
dog hind limb. They concluded thut oxygen laal was the
enuge of vasodiistion, possibly acting through some releassd
setsbollites. -

#EAT apd CUZ8aE (1959) used nngiocardiography to
dermonstrote that inhalstion of 18% COp for 30 seconds cuused

marked vasodlilzation In dogs.



DIJT and CGEIOAFISLED (1960) approached the problesm of
g possible locnl CSE effect controlling vascular resistance
by experiments on peripher:l circulatlion. They injected
12.8% to 1€C% CU; under the skin of the human foresrum.

They noted, in a gualltatlive fashion, that thls slweys
ezused vasodiletion. The possible effect of trauma wzg
eliminzted by control injections of alr or nitrous oxlde
whieh was without eflact.

FEINBERG ot al (1960) used the isolated rubbli hesrd
preparation and perfused the coronary vegsels with hinger-
Locke molution contcipling hemoglobln. Varying the hepo-
globin concentration mllowed them o vary the oXxygen
deliverad to the myocardial cells. Decrensing the oxygen
sontent of the nolution czugsed zn inerease in coronary
blood flow. Intruvaseular oxygen tensicn did not full until
the perfusion fluld passed the reslistance vessels. Thié
sugsested to them thnt the vizodilakor response @Was
secondary to tissue hypoxias.

Zo0THE et al (1981) studied the flow changes in the
hind leg of tho dog by plethysmography following blood pH
changes by respiratory changes or by infusion of bulfers.
They found that both acld snd basle pH levels cnused flow
to incresse. It should be noted, however, Lhut thers was
ne nerve blocknde, and that no attempt was maxde to sepurate

the pH aeffszct from the effect of high CO,.
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SULBs3 et sl (1962) reported that wvarlous scids,
produeing a slight inerezse in hydrogen lon conecentratlon,
eausged vasodilation In the forellmb nond the coropury
arteries of the dog. ~clds were found to produce a mugh
greater effect than inhelatlon of curbon dioxide.

CiriiIkii et sl (1964 a) used isolsted siali femoral
arterial branches lying on the surfuce of ithe muscles of
the hind leg of the dog, to study flow changes resulting
from pil ohsnges. Tyrode's solution, titratesa with wvurious
aclds, provided the required pH changes. [ecreasing the
pi from 7.40 to 7.15 cnused an increase in flow of &7.
Further decressing the pHd to 6.80 caused a progressive
decrease in flow until the flow leveled off to s polnt Just
above the control wvalue. Increasing the pH to 7.65 caused
u 5C% inersgase ip flow. Dp snd Og were kept at the sume
level 2t all times, B3 and 955 raspectively. Iney consldered
that the most likely mechanism for the opexration of this
demonstrated hydrogen lon effect was the inhibltion of soume
enzyme by & less then optimum pd aavironment.

KIFYUSHING (1¢64) mensured the flow in the lef't coronsry
artery of dogs breathing 3n to 80 COg. with high CCy
econcentraticns, he observed sn initlsl perlcd of vasocon-
striction followed by vasodilatlon.

HAKG angd EATZ (1968 ) produced an acidosis loesllized to
the coronary system by a speclul heart preparation in the

open chest dog. -I[#O (§,5-dlmethyl-g, 4-oxrzollidinedione) wus

’:
. E.r,..g‘!m;
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uged to decresse the pH Lo 2 mesn vilue of 7.18, =t this

»H eoronnry sinus {low veried uivhasically; ineressing
slightly { &%) for LU seconds znd then decreusing groduslly
to 1B% below the control level in 15 seconds.

LOVE apd TYLCR (19682 meusured coronury vessel flow by
7pS8 uptake, Hypercazpnla in dogs caused un increzsed isotope
uptake, whien indicnted lncreased coronery flow, in the
inner porticn of the left verntricle; but there wus decreassed
uptnke Iin the cuter »crtions of the left ventricle, an
Indiestion of decressed flow. The authors conecluded thal
the patterns of regicnal flow changes in the coronsry systen

were very compleX.

Sonelusions Lrox the lltersture. <fhe most striking
charucterissie of the yresulus reported by the varliocus
authors, is the leck of uniformity of resulis. Lecent
revoris show no luprovexent in the degree of uniforcity
over the sarller repcrts; hence, the lack of uniformity is
probebly not due o tho degree of sophistication of equip-
ment.

There are relstively fow reports of experimsnts which
attempt to as;ay the dlfference hetween pid effecis and COp
effects «~ith minimal ehianges in the ionlc environwment.
Cften preparations were used which included complex buffers

or izdicators in the perfusate. Tltration of perfusatves
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with strong =cids surkedly changes the senlonie concentra-
ticnse This, 4n turn, could alter membrane concentration
and elecirochemicrl gradlents.

While a few experiments were reportec which sznalyzed
the effect of CG, and pH on the three parsmeters {contruction
tension, re%e, and corenary {low rate), there is a pesuclity
of exveriments which reported control slituations checkling
the effect of the zlterution of one psrameter on another.

Therefore, 1t seems that the results reported in the
literature glve evidance of the need for investigating the
¢celiular responses of the heart®s three cell types to
carbon dioxlde snd/or pi. Lven recently, WANG et al (1865
goncluded that “previocus attempts to determine the effect
of pH on oireulaticn have given none-significant results®,
It also seems evident thut attention should be directed to
the tisgsue chonges thnt could occur between imnobllizing
the sniral and plaeing the isvlated organ in an artificial
environment for study, to the possible effect of extransous
lons introduced into the perfusate, snd to any inteoraction

of thess purometers.




Ve  GENERAL SAPELIMERT.L CQESILERATIONS

Ihe jsolated pesrt preperation. The affect of shifts
in the wverlous ionic and molecunisr corporents of zuscle
cells end their enviromments, huve been studied zosily by
using the muécles of cold blooded aninmals, particularly
lsolatec skeletnl mugcle. The behavior of cardiuse muscle
tissue waslinvastisnted most frequently by using the
isolated heart of a polikilotherm. Thexre have been
relatively few atteampis to study the effect of lenic
variastions on the isolated intuct mammzlien heart
(HeELROY et al, 1988).

The i{sclated henrt preper-tion hos the adwanutage that
variations in function resuliing froé nlterstions of s
contyelled pumber of vsrizables, mey be studfed without the
complicating influence of faclors external to the headt.
Meny excgenous controls Influence the heart in situ.

These sre very laportant for the proper funotlon of the
intact orgunism. In initial studles of cellulsr funectiorn,
they wmerely cloud the slready complex series of rslatlon-
ships. For exmmple, nervous control of the heurt, from the
gympathetie or parssympethetic subdivisions of the nervous
system, ean igfluence the function of the intact heart.
Various reflex patterns originatiecg irn the centrzi nerwvous
system ean alter the functicnsl pattern of the heart.

Lndoerine controls are pregsent though not olearly defined.




srythreeytice fcnic shifts, resulting from coxygen und curbon
dioxide shifis, sre precent in every vescular ted and
complicate the charzcterization of whnt le hnppening ot the
level of the cells btelrg studled.

The funetinon of the smeoth muscle cells of the coronury
srterioles can best be done using lsolzmted hearys perfussd
with sulire, shen the stwdy involves the effect of zcldic
eavironments, eld hop o swelling effect on red klood cells
which could alter the wiscosity of blood and complicste the
results (CerRISK et al, 1964h).

CshiIZH et 4l (1964a) cnnsidered that removal of the
influences of the nervoug nnd endocrine system wus essential
to thelr study of the pH effects on vasculor resistance and,
consequently, used the lsclated artery segment.

snother advantzge of the lsolnted heart is thut changes
in fanctior =8y be allowed %o reach 2 steady shate. This’is
enhanced by the absence of externual eompensstory mechanising,
The achlevement nf = steady state permnits measurement of
variables u:hilen otharwise might be translient only. In mnny
enses, the rate of achievement of the steady gtute may be
alterad merely by manipulating the temperature in the
isolated oramn preparation. This may permit an otherwise
izmpossible analysis, thereby ylelding further information
about cellular proceases without dumaging cellular mechsnisms.
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4 dissdventage of an lgolsted organ is that it can
readily be labslled n falling orgsn, since the onliy obvicus
fate of that organ 1s complete fallure of function and
desth of the ¢constituent cells. This perhaps places o
stigma on the results from isoluated organs. However, 18
an organ which 16 failing so non-physlologleal? sre notb
all organs of the adult snimal body in some stuge of
fallure?

If the isolated hesrt 18 used to study call function,
then the copelusicons, resulting from these studies, should
be valid ns long =28 st least s majority of the cells
studied sre living. Although the question of the nsture of
life 18 » philosophical one, overy biologist iearns that
living cells have eertain characteristics. As enumerated
in general biology, the characteristics of cells which are
living sre: Metabollsm, excitability, growth, or regsnbr»
ation. Some cells, depending on the degree of thelr
specinlization, may possess more than one of thase charac-
teristics. It is fortultous thut the heart®s myoecardial
cells possess n vigivle indlcector of the pregence of these
characieristies, since contraction expresses the presence
of metabolism ond excitebilivy. Thus, visual exszmination
of 4hie heart 1s all that is required tc ascertain that the
myocardéial cells are zlive. The pacemaker cells readily
indicute that they sre alive by the presence of a coordl-

nated weve of contraction. The smooth musclé cells of the
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blood vessels are more dlificult to check. iHowever, if
evidence con be obtalined that changes in vaseular dlaneter
occur, then the smooth muscle cells may de contracting and,
therefore, muy be living still, «hen the presence of thess
churacteristics, indicating that living cells sre predomi-
nantly pregent, eun no longer be detected, then no
informution ean be geined sbout the function of living cells.

£y following the lead of the workers with tisasue
cultures, it is quite possible that perfusing redls could
be developed which would support isolated hearts for long
periods of time. This is hardly necessary, however, since
acute experiments, lusting two or thres hours, slready
yield much ihfoxmatian zbout the funetion of the varlcus
cell types. The churucteristics which indlcute thut the
cells are alive, are still vigorously manifested at the.end
of such experiments,

anotber disadvantzge of the isolated organ is that it
may guin extracellular fluld and Lecome edematous, due to
tho inexact dupiiontion of the proper osmotic bulance by
the parfusate. Sdesms 18 not completely unphysiological
since it con be obseryed, 4o varicus degrees, in wvurious
organa of the- anlmsl during normel physiological situations.
w“ith respect to experiments on cells, lncrease in extra-
cellular water will lncresse the path length over which
diffustion must oceur. 7This revords the flow of lonie

information %o the cell or to the observer. Extracellular
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water may cnuse an inerease in the Ilptrocellular water.
This becomes = problem, in these studles, when initrc-~
calluley choracteristics chnnge 2o that normnl poiterns

of contractility or irritabliity sre altered. The tinme
recuired Loy this to hapren sezems to fur exeeed the normel
duration of an experiment.

Inclusion of colloldal materinl hms been used to
returd edema. However, since the perfusate usel periitted
reproducivle nnd reversible changes in cell functicrn, the
nddition of these zgants was not deemed necezscory In thege
experiments. Further, since the cyeles of experimentzl
perfusion Ware of short duration, the chznges shsarved were
rapid compared with the chuonges which wnight occur from slow
deterioration of the preparation. lvidence thzt Lthe
deteriorzuion of these praparaticns is very slow will be
dilscussed in = later section.

Therafore, 1t was concluded that the advantages of the
isoluted hesrt, resulting Crom removal of external vorisbies,
were grester than the disadvantzges. In the study ol the
control of cell groups within the heart, the threat to
clurity of results was greater from the externslly mpplied,
and a8 yet nosrly charascterized, controls than from the
consequences of 1solating the heart. Howewver, 1t should
be stressed that isolation of the organ must occur under
conditions which permit minimum metabollic daumage to the

tissues, if one s to obteln = valld sample of the funpctlon




achoy aeart with 3 mpoxlsum oweber of
Livine cells. The dzmage to the cells of the hesrt during

the prapaxatibn for in vitrs perfusicon is mest likely to
oceur as a rasult of the coptinued matobolism in the unoxic
spen echest ecndlitlon. FULRCHTGOTT et 21 (1958, reported
thet diminuvition of the oxygen suppl; czuged » raplid loss
of the working abillty of hesprt musele. KaLRDEIH et ol
(1958) found bthat there wes un early change follewing the
onset of ancxie, a3 manifested by alterations of the Intru-
cellular zetion potentinls within five minutes.

inat the teating hesrt rayr&senied an crgen under the
stress of continued retnbollc regulrewments for oxygen, has
baeen =zpprecizted for some time. It iz cleur, 1f even only
intuitively, thal the slowling of contrsctlon rate, or
complete stoppage, would be sdvantagecus to anyone desiring
to rreserve the hesart «ith o smexisum number of living cells.
Early efforts tc glow or stop the heart were based on the
work of RIKGER (1883) who demonstrated that different catlons
altered the heort rate. HOOKEFR (1929) showed that excess
KCl eould be éaed to stop the heart due to potassiuvn's
imnibitory effect., Callp could then be used to restart the

hearte.




HONTGOMERY et al (1954) revived Hooker's work, and
used his method to stop a2 heart in fivrillation.

HELROSE et al (1955) reported that potassium citrate
allowed the {solated heart to be stopped for as long as
fifteen minutes with no apparent dsmage upon Iecovery.

One heart wss asrrested for =3 long as 55 minutes snd made
a faly recovery. Hearts stopped by asphyxis recovered
glowly and only partially to their control contractility
after only five minutes of arrest, however. In whole dogs,
if s proper dose of potassium citrate waps vsed, the heart
gould be arrested for ng long a3 16 minutes nod would
restert {mmediztely uoon replacement of the c¢itrate solution
with normal locke's solution. This was nlso true for the
nypothermic animsl. It should be noted that potassium
eltrate 2180 inhibits clotting of the blood, =nd, as will
be discussed below, perhaps part of 1tz beneficlal effeét
was due to this inhibition.

The ngent useé for slowing the heart would prefsrzbly
require less severe lonic environmwentasl changes than is
ne¢essury with high doses of KCL. 2lso, the recovery
should be achleved qulckly and without such agents as CaClg
or adrenaline, Hypotherzla was considered¢ hecause of 1ts
widespraad use in reducing the rate of wetabolism in various
orguns. HEGNsUER et al (1950), BERNE (1954), and
COVINO et al (1957) showed that hypothermia decreased the
conduetivity, excitability, and rhythmnicity of the hears.
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YBEHT et al (1964) also showed that at &5 C, the heart rale
of the dog decreased by an aversge of &7% of 1its control
value. WHITTOw et al (1985) demonstrated that in the
chicken, heart rate decrease¢ to less than 1/3 of its
control wvalue when the enimal's temperature was dropped

by immersion in = cold water bath.

That cooling was beneficizl to the survival of the
x¥idney, was demonstrated by MULR:Y and AOLLER (1e54). By
using a cooled, well-oxygenated perfusate, the survival
tize of an isolated kldmey was doubled.

If the heart could be slowed by hypothermia whieh
cools the deep tissuas of the heart as well as the surface
tissuss, theb there should be uniform preservatlion of the
tissues in o uniformly undammged condition. Theoretically,
this should occur with the infusion of cold saline by way
of the heart's own extensive distribution system, the '
eoronary system. CUamage may be further minimiged ir the
saline is serste¢ with a mixture of §54 oxygen aznd 5% carbon
dloxice. In addition to providing oxygen, the proper acld-

banse balance will be malntained by the saline's buffer system.

There is considerable evidence that various diseuase
states, conditions prbducins shock, or acidosis cause
aludging of the blood. Ihis sludging then forms micro-
clots which persist to cause irreparable cellulsar Jdamag8.
Crowell and his coworkers lald the experimental basis for
prevention of this occurrence. CRO¥ELL and KEaD (1953)
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demonstrated thut heparin injections provided 10LS5
recovery frox severe hypotensive perlods, while control
doge without hepsrip showed only 745 recovery from hypo-
tension. By reverse perfusion, they demonstrated thut the
control dogs'® blood hnd formed ainute emboli that wele
barely visidble to the unanided eye. T1hey also demcnstrated
that the rate of blood clotting wus increased by houorrhnge,
sympathetice stimulstion, or epinephrine injections. This
underlineg the nesd to yeepr an experimeninl animal, which
13 to furnish an isoluted heart, under the most optimal
eonditions possible untll the heart can be progecied irem
the consequences of miero-emboli. It also mukes suspeet,
the resnlts of workers who decspitate =n animnl nnd then
isolnte the heert, even though the thoracic cavity my be
conlec with ice.

Crowell and Fead Turther eoncluded thut no clot fef-
mation occurred if enough heparin wes given. Ihey ulsc
reasschned that irreversible shock, produced by nemorihzge,
may be due to the widespread formation of auch sm=ll blood
clot® =8 = result of excessive stlmilstion of the cosgu-
lztion mechenisms.

CRUcFLL and SMITH (1$66) found that although neparin
did laprove recovery of brain functlon ariter clroulsilory
arrest, further improvement tould be mude wilh adaitional
precsutions. Sased on the hypothesis that loss of funcuvion

was due to the formetion of wicro-clots, a sireptorinuse
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wag infugsed to dissolve ithese micro-clots. ..s & further
protective mezsure, the brain was perfused with Locke's
solutvlion %o wazh sway the miero-clots. ihese preczutlons
parmitted stoprage of cerebiycl circulatlsn for E0-i4
minutes with.complete and fmcaediate restoration of functlon
upon reinstatement of clrculation. Crowell and Smith
reasoned thet the geguence of damsging evenis xight be w8
follows: le OCirculuation stopped but nmetabolism contlnued.
2. B8lnce no oxygen was belng supplied, anseroblce metabo-
1lism predominated so that luctle acid and carbonrle acld
acourulatec. This resulted in a decreased pH as was ovserved
by STONE et n) (1941j. 3. The decreased piH probzbiy caused
cougulation of blood in the capillarles adjacent te the
cells. 4. #ner {low wos resumecd, rpost of the enpllleories
were plugged by thrombi and the adjlecent cells dled subge»
gquent to resumed [low.

That zludged blood occurred In varying degrees of
severity was demonstrated by HNISELY (1951). He showed that
anoxia caused by sludged blood resulted in marked changes of
the endothelium surrounding the enoxic aryres.

# eowbination of anticongulant measures ond tnredlate
removai of Blood was ghowm by “EER et al (1857) to permit
the dog heart to be without coromzry clrculation for up to
S0 minutes with minimel apparent drmuge. when coronsry
eireulation wis resumed, the heart could maintaln its

eirculatory functizn for longer periods of time than the
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control dogs. They concluded that perfusion of the
coronzry wesgels to remove =ll blood, oxtends the period
of time auring which the heart wny remain viavle. It uus
concluded tont the tlxe Limits of viabllilty of the unoxy-
genpted mycoardlum wre reluted, in lurge parg, to the
preservation of a patent ezplllary bed and not only to the
Auration of acute ischemin,

HUIBBEAD ot 2l (1%55) obtained the sawme beneficisl
effects upen perfusing the kidney with heparinized saline
solution. Although the kldney hed been {schenic for 2C to
40 minutes, a suceessful homotransplunt wap made.

Therefcre, therc is sufficlent evidence to conclude
thet 2 protocel, whereby oan exenss of hepurin woe injected
Intrevepously inte & well anesiretized yat, should roduce
2 heart minloelly demaged by mlcrosclotse To further
protect the heart, Lt seems 2 sound practics to infuse
cooled oxygenzte: sallpe immedintely followlng the injection
of hepurin. Cocling would decrecse the rate of myocsrdial
metabolism. The saline would flush out the blood, znd its
oxygenntad conditinn weuld further protect the myocardisl,

smooth muscle, and tha endothelial cells from damage.
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Ice genersl plan of sxperimental procedure. Ihe
corcnayy system was perfused by way of the aorta. i1l
experineatsl changes were made from the control condition
in vhich the neart was perfused with seline contalning
26 mEg bicarbonute, bubbled by 95% oxygen - 5% carbon dioxlde.
This yields o solution with s pH of approximately 7.4C.
feturn to the control perfusate followed each experiwental
rerfusion. All control values refer to the magnitude of a
parameter during the control perfusion lmmediately preceding
tha experimentsl perfusion telng examined.

T™e experimentsl situation for which the response of
the three cgll tyree wes thoroughly characterized, resulied
frox perfusion with snline again conteining 28 alllimolsyr
bicarbonate, but bubbled with 80X oxygen and 205 curbon
dioxile. This oroduced s pi of approximaiely 6.80. Tpeae
levels of pl and pCOB were chosen even though they wre
beyond commonly accepted physlologlesl levels for cells
because they cecur in states of disturbed funetion. Charsce
serigation of the behavior of the three cell types, under
these conditisns, mnlght be useful. Conditions resulting
in low pH or high pCOp will e describac in a subsequent
saction.

Further experimental procedures were carried out to
assess the effect of changes in rate, tension, coronury flow

ste, and reduend oxvgen tensirn on any of the other

parauwsters,
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sfter a thorough chuaracterization of the responses
Lo a decrease in pH accompanied by =n incresse in Cop
concentrution, the effect of decreasing pi without lncrens-
ing carbon dioxide wes studled. This wes done by redueing
the bleuzrbonute concentration In the perfusate, thus
decreesing pd to approximetely 6.8C without increuslng GOy
concentration beyond the control 85 level. 1hus the zim of
changing pi with 2 minimum of fonlc change was followed,

Bicarbonute has been cheructerized as not permeating
mexbranes, except these of red blood cells, by the following
workers: JACOBS (1920), FENK (1936), BOYLE and CONwaY (1941,
TCBIN (1886), CALOWELL (1968), WADDELL and BUTLER (1959),
ROBIN (lgel), KOSTYUX sand SORCRIN. (1961), and KIBLEE et al
(1964). Therefore, = compound with the same cation, sodium,
and a2 nonpermeating, nontoxic anlom wans used to replace
sodiws bicarbonate in the solution of decreased pHe

Contrel perfusion for experiments with saline in which
only the pd was chunged, was the same saline with 28 mig
blesrbonate, 9564 Op -~ 5% COp as describsa for the experlments
in which voth pd end pClg nre changed., Control experiments
for the effect of the compound replaecing sodium blearbonste
were slso anslyzed.

sf%er egtablishing the dependence of the ¢hzracteristie
responses on pH or pClg, or on both, a few experiments were
performed using intermediate concentrations to analyze the
possible linearity of the lanfluence of the cdntrolling factor.
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Y. SPECIFIC LIMITS OF THE PROBLEM

The provlem ig to determine whether incressed carben
dilcxlde concentration or incrensed hydrogen lon contens-
tration cxuses the characteristic efiects on the three
¢ell types féuna in whe isolated heurt; the myocardisl
cells, the cells of the pacemaker, and the smooth ruscle
cells of the vasculsture. The study of this problem reguires
the study of the sffect of decreased oxygen tension, the
effect of a filler ges, and the effect of s compouné used to
replace sodium biearbonate. These eff'ects were studied
only us necessary controls to the elucldation of the
principal preblem.

The study of the possible 1nte§action of rate changes,
contraction tension changes, and coronary ragslstaznce changes
was pursued only 28 far ss was necessary %o agcertaln
whether the effect of pi or pClOp was o direct one, or wus

operating indirectly through =nother parameter.
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VI, SORCIVLL SIGNINIC RCE G THE yRULLEN

CROLELG pnd KUUF4H (1961) mensured the pid chunge in
the wv=rlous orgnns of dogs followling circulatory srrest.
The pi in 31l orgsos was found to dArop very ranidly. In
&pnroximﬁtelé 14 minutes the pif of heasrt tissue hod droprned
Lo 6.80, nnd continued o decrease untll 16 reoached o pid
ol apyroximately 6.30 Ln £6 minutes.

Llianh et oal (LEBG) stated thiet clinlenl situntlions
oceusionnlly occur in woleh the plU, exceeds LLG mm g,
ara 1t oay even excend OU @ g in soms instonees.  Lual
and o etit (18687 slso revorted elirlesl situastions with
pog values st the sioxe high level.

Dol CA ang DRl (LBsS) zaaortW¢ that aresthesiol-
cglete were becoming roye nwnre of the clinicui slipgnificance
of curbon dloxide == o fugtor in cordlsc asrrest und
anesihetic convulsions,.

CHISES (1947 ) sacsed thot curdiovasculer ohonges during
aad followlnyg snesthesis were reluted to hypercapnia.

herefore, the Lenavior of the three cell types under
condltions of severe hyperc¢upnlu, and the rosuluing pl

chianges, nave pertinent elinicsal signifllcance.
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I. GERELRSL CONESILERATIORS

The purpose and the ndvantsge of using the lsolatead
perfused hears, to study the function of itz component
gcells, L8 that this study is possible without the compli-
cating affect of such fnctors as hormonal influence,
erythroeyte ifonic shifts, peripheral ncld-buse chnoges, or
peripheral resistonge veristions. The advontege galned by
the removol of exogencus vuriables wust not be negated,
however, by & pre-perfusion procedure whieh zlters the cells
structurally, blochemiezlly, or physiologlealilye. 8 |
previously discussed Lt Chapter I, some zeasures could be
taken to ernhance the quality of the preperation. slthough
these procedures may Seem To cowplleate the preparation,
the besis for thelr inclusion was the production of 1 higher
gualisy preparation.l

The perfuslon apparatus may Seem unnecessarily coupleX.
The reeson for its development was that it asszlsted ln the
malntensnee of controllaed eavironment, or that 1t permitted

wore exmcet recording of a varisble.
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II. MATERIALE, ANESTHEGIA AXD GEKEFAL OPERATIVE PROCEDUEES

Thg neasrts from 57 male, wistar Strain rats were used
for thls study. The rats welghed between 180 nnd 300 grams
at the time of the experiments. The znesthetic ussd was
vembutal injected intraperitoneally in o dose of & milllgrams
per hundred gramsg of animal wefight. XHembutal Sedium powder,
dlssolved In physlological secline, was used in the early
experiments, while Nembutal Sodium Veterlnary Sterile
Solution (ibbott Laborstories) wes used in Experiments 23 to
E%. ‘there was no differsnce in the response to the two
types of Rembutal solutions.

when anesthetized, the rats were placed on a rat board
with the ventyel side upward. The jaws and the four limbs
were Clamped in o stationary position. Fln type electro-~
cardiogrephic slectrodes were then inserte¢ inte the four
linbs to permit monitoring hesrt rate changes during the
oparative procedures.

ihe skin was regoved from the neck reglon, exposing the
external esrotids and the clavieles. Hepsrin wus injected
Into the left external jJugular velin using o £5 gauge hypo~
dermic needle inserted under the left clavicle into the left
Jugulsr vein{‘ The dosage of llepsrin Sodlum (Menn hesearch
leboratories) used wnp Z.54 milligrems (300 Uniss) per 10U
grams of animal weight. The injected 1l solution was made
using the physiological saline as solvent. Following the
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neparin injectlon, the right jugular veln wns carefully
exposed for mprroximitely tun centimeters cephalad from
the clavicle in preparztion for the cold infusion.

The cold infusion {luld wss prepared well in sdvance
of the operation, sccording to the formule dezcrlbed later,
ihe infusete was cooled, nnd kept cold, by plecing 1t in s
250 ml aspirnstor botile surrounded by erushed lce. lIhe
solutlon was placed in a2 stand 180 cm obove the level of
the anesthetlized rat. The solution renched the rat through
Tygon tubing w»ith an internzl dlameter of 1/8 inches and an
external dlameter of 3/16 inches. The solutlion in the
tubing was kept cold by lee cold waser circulating within a
3/4 inch Flexiglnss cylinder surrounding it. Ice cold
water was continuously clrculnted back to the ice buth by 8
Roll-Flex isboratery Ffump {Cole-~Furmer Instrument Compuny).
Vging sporopriute reducers, the infuszeate was conﬁucted‘by
the shortest possible length of tubing to the polyethylene
cannula with on internal dizueter of C.580 m3 2nd on |
external dismeter of 0.965 mm (FE 50j. ZThe Infusele wns
bubbled with o 95% Og - B3 COg gas wixture for » minimum of
thirty winutes prior to the infusion. Flow was ecntrolled
by an adjustable clamp upplied tc the tublng. & schenntic

of this spyarstus {5 shown in Flgure l.
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FIGURE 1. The Cold Saline Infusion Apparatus
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Canrnulution of tine rignht external Jugular was begun
approximately two ainutes followlng the lnjectlon of the
hepurin s¢ us to perzit the complete circulstlon und effect
of the hepardn. Refore inserting the cannuls, stline wss
flushed through until the eoldest possible sallne wos
evallable. ~fter inserting the espnula, the aperopriste
tlies naving been umnde, the right external jJugular was cut
cephalud o the esnoulsn in order to nllow dralmge of the
Blood op it wis repluced by the lee-cold snline. In four
experiments, the chest tespersture choanpe wng monitored by
4 surface tempersbture probe which resd out by resus of a
Yeliow springs Instrument Company, Model 46 TUC alti-
Fange, sultipurpose Thermistor Thermometer.

snen She heart ruge had resched sz nplinimsl equllibrium
level, the LCG electrodes were removed and the heart was
exposed as gnickly as possible. To expose the heari, ﬁne
thoreelc cage was cub around lis perlphery and removed
completely. This wss done rapldly by cutilng the abdomen
transversely below the dluphraga, freeing the ventral berder
of the diaphragm, cubting enterlorly through the thoracic
wall to the axlilery reglon, nnd then freelng the thorzcic
cnge by 2 tranpverse cubl st the level of the ¢lavicles.
4S soon &S She hesrt wes exposes, the lce-cold 3ulline,
previcusly used for perfuslon, wae used Lo bathe the axgerior
of the heapt. Ihe conmbinued hypothermis kept the curdlac

contractions &% o minimum rate. while the henrt wig thue
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buthed, the common carctids and the subclavisns were tled %

off, and the norta was cqunnulated st the level of the

aortic arch using 2 polyethylene cannula (PE 280) with an

internal diameter of 2.15 mz and an externul dlaweter of

3.55 mm. The heart was freed from sll surrounding or

attsched tlssues, blood vessels, snd nerves, Dby careful

digsection. Then the hesrt wus placed lu z petri dish

contalning cold saline for the final prepusrations before »

perfusion. ;
w#hile in eold szline, the finsl preparatlons of check-

ing the position of the cannule, sttaching & silver wire,

and attaching the cansula to a section of the perfusion

system, werc completed us rapldly as possible. The

position of the esnnuls relatlve to the semllunar valves

was ebecked by observing the extent of the rise and fall of

the 1liquid in the capnula. If the valves had teen viélﬁted.

the preparation wus discarded. The cannula was cut to =

length of about 1 centimeter and attached to the tubing

which, in turn, served to nttach the complete perfuslon

traln to the totnl perfusion zpparatus. See Flgure 2.

211 branches of the tublng and the cannulas were fllled

with saline and clamped off to prevent emptying. Cne end

of an approximstely 1% centimeter length of C.008 inch

dlsmeter silver wire was pushed through the upex of the

myocardivm, looped, and tied securely. This wire wus

used iater to activate the tension transducer and also a3 ‘
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one of the sleeircdes to record the electrleal activity of

the heart. . fter these preperations were completec, the

hespt and sthoched sppayutus were sransferred to the
fusion appurstus while s%ill Iin the petrl dish of cold

saline.
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III. CERFUSION WL BUCCERDING PPAkaTUZ

Perfusion fluid. The perfusion fluld used ln 21l

control perfusiong was of the same cozposiilon us that
used by VAUGHAH &ILLIWE (1865). A3 deseribed by Vaughan
¥11lizmm, the solution contains, in milliosmoles, the
following constituents: sodlum 139.7, potassium 5.63,
easleium 2.165, gluecose 11.12, and bilenrbonate together
with chloride 149.66. Tnis gives a totsl of 308 millie-
osmoles. lPreferring to express these values in terns of
mEq per liter, ond expressing the sepsrute concentrations
for biearbonate and chloride, the concentrations s used
in these axperimente were: sodium 13%.7, potassiuwm 5.63,
ealeiuns 2,165, glucose 11.1E, bicarbonate 26, and chloride
121.86. In terms of the compounds used to yleld the
appropriste ionie concentrations, the concentrstions usecd,
in mEq per liter, were zs followz: kOl $5.63, Cally Z.168,
HeCl 111.7, HeHCOy 28, und glucose ll.l&. ippropriate
stock solutions were prepared so that the KCl and CaClg
could be ndded with & dilution of 1/100 and the 5&Cl end
N@HCCx by a dilution of 4/100. Glucose was added as the
dry reagent in the required smount for each experiment when
the solutionjwaa prepared. The chemicals used were Flsher
Certified lieagents in 21l cngses. OSolutlons were consti-
tuted using water deminerslized by zn Barnstead "Bantam
Deminersliger® with o kKixed Iesin Csrtridge, oxr by a
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“Ceeminizexr” demineranlizer.

In the experimental perfusinns, the required changes
nixght or signt not neeesaitate ehunges In the above-
deseribed lenie constituents of the control perfusion fluid.
shen the objectlive of the expoeriment culled for observuticn
of the effects of changlng both plls and pii of the perfu-
sate, no change in the concentration of the chemicals added
WS NeCessuly, since u«ll chapges were nccomplished by
changing the gus mixtures btubbling the perfusate. 7This
will be decsexribec in n followlng sectlon. In those experi-
ments where plly was kept constent und it was reguired to
change the pi, the eorncentrztion of bicarbonate wag
daecreasad in uecordance with the relstionship expresses in ;
the Lenderson-izsselbaleh egquation

pE = pK + log Q’ﬁgﬂ. :
[CUg] o §
Corrections foxr pi, CGg in gsolutiocn, und salt error were '
incerporuted into the basic relmtionship, and o modified
form of tine Honderson-:naselbslch equatlion, ns used by

Voluad alluias (1955) wus exployed:
Yo

pH = pi. + log [BCUs] + log LCC + log (3§Q)° £Led =~ b Y C &
. ho "-P ,\/

(In thiz equhtion P ls the barometric pressurs, p the vipor
pressure, x the percentage cf COg, = the solubllity of

Clp in volumes of gn9 ahserbed by one volume of water when
the pressure of the Ary gas is 76C mm Hg, and C the molar

conegntrotisn of entisns.) bvhen the biesrbonmie concene
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tiction wes decreascd, the difference belwesn the required 3
concentrotion of bicurborneite und the control dblesrbennte
concentr-tion wuz reploced by sodium metbyl sulfute (U & K
whoritories, Ine,, Yluilnview, lew York). To nchieve s pli
or G.80 wi;h the L0, remaining constont ot 53, Lt was
necessury to use & bilesrboncte congentrution of 7.0 nig
pex liter, so that 21 mBg of sodlum methyl sulfute wers
used per liter. The totul concentration of scdium pethyl
sulfutz and sodfux blearbonute then enrucls the 28 mtg per
liver of sodlum blcurbonnie in the control perfusute,

sodlue methyl sulfate was used %o replace sodlun
bicurbonste for several re:soms. First, the cction in dboth
compounds 1s sodlum; therafors, the change would not reguire
a chaenge in the lonle snvironment with respect to sodium.
vecond, the osmotlc preszure of the solutlon would not
change since, Like the blcurvonmuie snich, methyl sulfite
is ¢« monovalent snion (BOIDTRL znd #2177, 19858). Third,
the prescnce of the methyl sulfate union does not cause
onleiun to precipitate (HUTTILL and RUBLE, 1R60). Fourth,
the methyl sulfate anion doss not penetr:ie the muscle
pembrene (GIUTTED and NOBLE, 1960) and shereby behuves us
does bicerbonate (sée the discussion Lin Chupler I).

Sodiwe methyl sulfate could have = phermacologlcal
action on the tlssues of the heurt. In contreol experiments
used to check tne poszlbllity of such an effect, methyl

sulfate replaced an equivalent arount of chloride ions



Inls represented a roplucesent of 17.83%
of the ehlorids by unsther zanlon shich Ls not without sowre
dunger of proaducling an effech due o cxloride reglacenent
alons. owever, (3 has been reported (LirulLY, L¥04) that
methyl sullata eaused 2 potontlation ol contraction when
present at an cptimal concentrition of 10U mid, the
eoncentretinng used in these experirents, <L iad, is con-
slderably swaller than wthe reporied opblauw und should
give o 2ininsl enbancement due to decrsased chlorlde.

»11 sclutioans vere sude ve from ghlock soluticns on
the suae day og the gxpurlsents uere performed. SLoCK
soiutions wers oluuyve wixed vigercasly before the plpetlag.
Sl golutes di ssolyed wltihout difrieualty. o eight liter
baten of soiwtio: waz routlnely mnde for euch eXxpsrliuent.
The elznt liter polvethyliene aspirater botile wepn then
attuehed to she inlet of a2 Folyethylepe Centrifugsl Labola-
tory Fump (Cole Porwmer;., The impellesr of this pump 18
polvethylens sesled teo g stzinless steel shalt withln a
polveshylene nump nead. Thers should be nc reaction with,
or contamination of, the solutlion by this sort of pump.
Saline wus dlsuributed to the perfusion tunis from the one
efght liter bateh in order to randomly distritbute the zaline
and eliminate the effzct of errors {n concentration, which
enuld hree cecurred, had each of the tanks of perfusate been

conatituted ard fllied separntely.

- t;’;;;
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Ibe galine distripution system. The totsl perfusicn
apparatus was supporbted within o £' x 3 framework of
147 x 13 angle steel (Fix-AhGLE) apd mounted oft Custers.
This ¢ype of free-standing support was found to fscllltsate
& flexible, readlly aocdiffable opersticn. The perfusion
tenls and tubes were supsorted by a 1k' x Li* super-
structure rising 25! avove the muln apparstus support and
constructed of e same liex-ngle steal supports. shen
the perfusinn tapks were in position on this superstructure,
the bBottome of the tanxs were 19E.C om above the top of the
working surfuce ané 167.6 em above the level of the
pexfusad hearta.

The three tenie contalinlng the. perfusstes were nuade
by Qividlng a Flexiglass contaliner, whioze dimenslions were
£9.5 e wide, 2%.0 orx deep, nnd 3C.5 com high, o thrqe
conparteents., The limiting factor in the design of the
Interior divislions into compuriments, was the need L0 place
the downwalrd conducting tubes within a &laneter dezcribed
by the thermoregulstlng column. No atiempt was wmade Lo
keep the volume of all of the compartments equel since ithe
maximn containnble volume of esch chamber was greater
than the volume of fluid required for even the longest
experiment. The tanks were desligned to hold a larger
volume than necessgary in order to eliminute the effect of
an sppreclable f3ll 1n the hydrostatic pressure head

during an experimental perfusion. Each of the compurtments
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was Torued by C.& ¢ thick Flexiglass walls which were
serewed together and then zesled with cement (TERUCL
vement umber 7. Fach nunk was checked for leuknge o
eliminate the possibllity of intermixing of the perfusion
fluids.

The three tunks were covered by = single cover to
pravept contuminaticn of the perfusate by aliborng pare
ticulute metter. Threc holes, of apuropriate size, were
bored tnyeugh the cover to allow pessnge of threc tubes for
the introduetion of the perfusate. ‘npother group of three
noles wags bLored %o sllow the escape of the bubbling gases.
lestricslon of the escaping gases, Lo one exit point of
small size,.uus deslgned to retard the egcupe of pguses, 80
ag Lo provide sn equilibriue environment auove tie perfusion
fiuld without ineressing the pressure nbove the perfusais,
It was felt that these reasures would serve to agsist in'
meintaining the steudy stute of the rerfusszts btulfer sysien
onca it hzd been uenleved. The amount of oxygen in solutldn
ulse would bLe kept st equllibrium by retarding the escupe
of gases £ros cbove the solutlcn. The stabllliy of the
3CC3/Clp buffer system wug ascertunined by pH readings taken
of the pexfusate over long perlods of tlme. This will be
&iscussed and illustrated in Chapter Three.

The detizn snd orlentation of the various parts of the
perfusfon fluic conductlon system may be seen by referring

to Figure 3.
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The three tubes, desizned to conduct the perfusste
dovnward through 2 thezmoregulating column, were rlexiglass
cylinders with an Internal dlometer of 1.& cm. This
diemeter was chosen to allow the inserticn of gas dispersion
tubes at the bottow of the coluxns. Yrach tube conslsted of
two secticnsg; an upper sectivn, 864.5 om long, rigidly filzed
to the perfusate reservolrs, ané a lowsr section, lZ6.%5 cm
long, rigidly fixed inside the thermoregulatling chamber.

Ihe two sectlons of each of the three tubes were Jjolned by

s £lexircle Joint of 1.9 c¢u internzl dlameter Tygon Tubing,
fitted over the contiguous ends cf the tubes. Tne lower
ends of the three tubes were sculed off by Neoprene stoppers,
bored to allow the introduction of the gas digpersion tube
stems. The stoppers were held ln place by wire tles %o the
Flexigloss late ot the bottom of the column,

ifflux of tne psrlusnte from the verticel eolumns wus
Lo8sible by seversl svenues. Ine exlt of primary Inportonce
wing that lending to the nheuri perfuslon ehowmter. Auxiliary‘
outleis were provided for draining the columngs, ndlusting
perfusate rese:voir levels, bruppling bubules, perfusion
nressure deterninstion, ond perfusate pi determlinasion.

The primary outlets orlginented from the downflow columns at
benenh level by means of three Flexliglasgs tubas of C.5 om
internal diemeter and aprnroxirately 11 em long. Thesa
outlets werc plsced spproxlmately 4.5 cm below the base of

the gns dispersion surfnees in order to reduce the pozsivility
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of entehing gas bubbles in the perfusate. The ocutlel tutes
wers connected to ryrex or volyethylene Te-pleces Ln euach
line by iTygon tublng of the appropriate size. The hwori-
zontal limbs of the Inverted T-pleces sarved =z straight-
through paoths fLor the nerfusate to puss on towsdds the heard,.
The verticzl limbs of eneh of the Tepleces wng alinched to

a 20 en plece of Tygon tublng, which wes Clumped off near
1t end L0 serve s o bubule trap.

Frow the norizontal zrms of the T-pleces serving s
bukble traps, the perfusste poagsed through & em of Tygon
tubling to the bottom of rotameter type, glnss flovmeters
(Cole-rarner) 1n euch of the perfusate lines. The three
gleas flowmeters wore thermceregulated within o Piezigluss
box whose dimensions werxs 13 cx w#ide X © em thick % 1o om
high. The ugper end of exch of the flowmeters was connected
to & Folyethylene l-piece by L1 cm of 1/8" internsl cluzeter
Tygon tubing. he vertieal =arm of each of the T-pleces wus
comrected o o thregs-vay S-0 MIOD stopcock.(Eecton-ﬁlckenaeé)
by 3C em of 1/&Y iaternnl diameter Tygon tubing. These
stopcocks could be closed, opened %o ~ llne leading te 2
waste bottle for flushing, or opened to = Tygon llne lsading
te the pid electrode. The horilzontsal arm of aeach of the I-
pleces wos gonnected by 2 1 em length of 1/8* internal
dlameter Tygon tublng to o B-L iEl4 four-woy stopeock
(Becton-lickenson) which swltched the flow of perfusate

frow any one column to the aortic csnnula.
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The oblect of placing the T-pleces lmmediately pre-
cading the foure-way stopcock, waes to permit Llushing out
the de=d space Iin esch of the perfusate llnes imaedliavely
before an experimensul perfusion. Ieecause of this locatlon
of the Te-plecas, perfusate flushing or perfusute pd deter-
sination was possible without disturbing the Llow of the
perfusate in the line supplylng the heart.

The final gection of the perfusion conductlion system
wag deslgned {or esay removal and quick attachment, so that
it could be attached %o the sortic cannuls, filled with
¢old saline, and reatteehed to the total perfusion apparatus
with minimal difficulty. The attachment to the sortic
cannule and the filllng with salire has been described in
the previous section on Gensral Operatlive rrocedures.

Figure 2 shouws this assenbly. ‘

To accomplish the design objectives discussed in the
previous paragraph, the finnl section of the perfusate
gonduction systeu provided for quick and lsakproof connection
tv the four-wsy stopoock, the sortic cannula, and to the
pressure transducer. The asttachment to the four-way stopcogk
was by a B-D 60&/L, 1/6" tublng to mels, Luer-lok adapler.
This was sttached to one of the horizontal arms of a T-plece
by 1.5 er of 1/16" internal dismeter Tygon tubing. The
other horizontal arm of the T-plece was attsched to a 1 ¢m
length of the saze Tygon tublng. Inslide of this tublng was
inserted the eannula of 1.67 mm internsl dlaseter x B.42 mm
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extertinl dirmeter rolyethylene (FE 240C). <The tubing lengths
and dlometers were kept ainimel in order to minimlize the
dend space remainling after switching %o another perfusate.
The wolume of liguid held by this assemblage of tubing was
Ced ml. This represents s dead space which would be used up
in epproximately eight seconds at the mean flow rate of

3.C ml/min. It wag felt that this time was sufficiently
small to be satisfactory.

The vertlesl erp nf the T-pisce, in the finsl section
of perfusate tubing, was conrected to an 1L/60§ femnle Luer
Lok to hose end by 4« 3 om length of 1/6% internal dizmeter
Tygon tubing. Thls could be connected quickly, to o matching
msle Luer-lok fltting attached to a2 line of tubing connected
to Statham sodel FE3AC pressure transducer (Statham Ingtrue
ments, Ine., Hato Rey, Puerto Hico). ‘

The rate of flow of the perfusate was contrelled by a
elamp spplied 6o the tubling jJust preceding the branch leade
1ng to the pressure transducer. 4 Cmstaloy iHoszeecock Clamp
(Figher Geientific) was ugzed mnd kept stable by = Castaloy
Versatile Clamp, ¥icre &£igze (Fisher tcientific). 1The thueads
of this hoseccck clemp ware machined well enough to allow
fine adjustment of flow rste, by appllicatien of pressure %o
the outside of the tnbing esrrylng the perfusste.

The remsinirg effluy pathwny for the perfusisn fluld
wig at the very bottor of the verticul downward conducting

tubes, Plexiglass tudbes of C.%5 em internsl dinmeter were
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cemented toc the vertiezl tubes., To the Flexiglase tubes
were anttuched rubber tubes, closed off by plnch clamps to
provide control of the flow of perfusste. This point of
sfflux perzitie~ complete drzinzage of the perfusate in the
tenxs, columng, znd in 2ll of the small tubing aftexr each
sxperimont. This efflux also served the very iluportunt
function of providing & meusns of egualizing the levsl in
the perfusate tenks before sach change to an experimental
perfusete.

~lthough the perfusion system was drained after each
experinert, evaporution of the remaining £ilm of soludion
a1d lesve 8 residus which Leecare objecticnable efter a few
experiments. &ince this film consisted muinly of carbonstes,
1% wss found that = soluticn of wenk sydrochloric zcid
(Col H) would dlssolve Lt =znd completely clean the perfusion
system. ZThe cleaning was followed by five rinsings with
deminerzlized wster. 7This remcved ull traces of pracipitatg
and acide T7The removael of zll traces of =zcid was verified by
2 check of the last rinse with pH electrodes. This pro-
cedure, for reroval of the film of orecipltate, wss Lollowed

wvhenaver the filn bscame visible.

ihe heart ghasber. 7The chamber to contain the heart
during the experiments wag designed tc fulfill certain

requirements which, in turn, permitted achievement of the
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experimantal objectives., The primary consideration was %0
keap the henrt in an enviromment suelh: that 1ts cells would
suffer winlimim dinage and would continue ta function zs
normelly as posaiblae, despite the in viltro lgeation. Cf
equal Lumportance was the resulrement that recording of =11
parazeters must be possible with 2 mininum lag time. This
meant that all desd spsces and rolnts of inertis production
must be kept minimal,

The required stzble anvironment, external to the
lsclated heart, wis found ton be best deliaited Dy o glass
double-unlled chonbor with Flexiglass removable covers.
Glass could be formed, in the hands or an expert §l=ss
blover, Into a chazmber with all of the regulred éantours
and openings. Mr. Lou Poge of the Natlonnl hesearch Council's
Biology workshnop, constructed the chrzmber to the recuired
specifications. The gover, to close off ths open end of the
chamber, was most afficlently made of Plexiglass since it
hzd to resist dropping nud 2n openlng for the sortic cmnnulé
wzg requlired., To senl the Ylexigless-glass interface and
other smsull ouvenlngs, the best substance wus found to be
Vasellne. Vaseline was non~toxic to the henrt tissuss and
furnished = wminfmuan amount of ineriia where it eszme in
contact with the wire leading to the tenzion transducer.
Therefore, using & glags chanber, n Plexiglass cover, and
Vaselline senls, the heart could be 1solated within its own

new environzent which énuld be controlled and whlich pere
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alited mesgurement of the desired parameters of neart
functlion (Figure 4.)

The temperature of the heart's Ln vitro externzl
environrcent could be controlled or kept constant by controle
ling the temperature of the water {lowing in the wall of
the double-wanlled chzmber. The heart chamber was connected
tc the thermoregulsting system which will be described in a
following section. The same thermoregulating mechanism
controlled the temperzture of the perfusate, hence the
temperature of both the internsl and the externasl environ-
zent of the heart was controlled.

It was reguired that the cover over the open end of
the heurt chamber should be readily. zprlicable withont
disturbing the hesrt on its cannula. A3 originally designed,
the silver eleetrodes, for recording the electrical activity
of the myocurdium, pasged through the cover by means of
smull holes drilled through i{t. To £ill these neads and to
eliminzte the denger of bLraskege when accldentally dislodged.
Flexiglass was used to construct the cover. - slot wags cat
out of the cover to allow it to be slippsd easily over the
cannula. The slot, cut out of the cover, was just larger
than the outside dia&ater of the polyetihylene gcannula.

After 1% wns ip position, the remalnder of the slot, not
occupled by the cannula, was fllled with Vaseline to provide
a seal from the outside environment. Vaseline was also used

on the polnt of Jjunction between the glausa chamber and the

;
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Plexiglass cover. The ¢overs used in the early experlments
were bored in two plezces to permit insertion of two silver
wires, used z2s electrodes for recording the electrical
setlvity of tha heert. Plexiglass l-rings were masde o
provide add;tlonal length to the chamber i{f required by
larger nearts. These could be sdded beneath the cover uslng
Vaseline seals on both surfaces. The cover wes firmly beld
in place by n Cmstaloy-R Versatile, iilcrc-size Clawp to
grevent breskege of the Vaseline sezls during experiments.

The silver wire, affixed to the apax of th® heart
durling preparation of the heart for perfusion, was easlly
gulded through the smusl)l chanrel provided and 28 shown in
Flgure 4. This small channel eould be sealed with Vaseline
without sffecting the tension recording system. In the
later experiments, this silver wire served as one of the
electrodes for recording cardiac electriczl activity and -
for stimulating the heart when it was required to drive the
hesrt ot o constant rate. fThe heart chember was ¢lumped in
soesitlon using o peclum-slized, vinylized Jsw, Castaloy-R
Vaerszatlile Claup zttuched to 2 flexible pount. This mounting
srrangexent permitied the adjustment of the chamber's
position, sc that thé pull by the heart on the silver wire
to the tension transducer could be transmaltted without

ioertia, due to coatsct with the glass wslls of the chanber.

O oviseid
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The wath of {low of the effluent from the perfused
haart had to be controlled so that it could be channeled
into the pi electrode or to sanmple collection. o
seeomplizh this, & T«bored storncock with s Tefion plug
wog usad. “neh of the arms wes cub $o 8 length of aprrox-
inately 1 cp in order to reduce the deand space to a
minimum. The cross bar of the T was placed in a verilesl
position to provide rapid, stralght-through drainzge when
drazining the charber or collecting samples. The uprer arm
of the verticenl portion of the 1T was attached to the heart
chambert's effluent érain by & 1 em plece of Tygon which
nprovided 3 flexible, yat airtight, connectlon. ine lower
srin of the vertical path of the stopeock permitted scmple
ecllectlon or eould be attached to s waste line to discaxd
the effluent. The remnining horizontal arm of the T-bored
stopcock was attached, by appropriate Tygon tubing, toftha
pH electrede. Since slight suction was required to draw the
fluid Into the pl microe-clectrode, the presence of the addéd
frictisn, izvosed by the T-shaped pathway of the efflusnt to
the p# electrode, pesed no rroblem. Drainage of the chsmbey
by the vertlezl pathway was by the force of gravity alone.
Therefore, the Tefloh plug wad rebored to n slighily lerger
thar normel dinmeser in order to allow rapid dralinsge. This
eapability of 2llowing enlargement of the bore to requlirad
size, nac well as the inert nature of Teflon and its eage of

operation, made o Teflon plug the most useful type avallable
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for this three-way stopccck.

Te meusure nd reproducibly when no 2C0Ua/CU; bulfer
systew 19 used, 1t I8 f-perative thut the system nrovides
for wirnimix loss of Cine Frow the sbeve ceseription of the
chiambsr, 1t onn be sesn that o gus-tight envirorument wis
provided around the heart snd in the line leadlrg to the pH
electrode. It wzs desiruble slso te keep the dead 8pace
sround the hesrt ol z minimum, %o 25 %o provide s meinisum
sink into which Cﬁz could be lost, and 2 wminluuxs reservolr
Lrow which COz osould e guined. With thils in xind, the heart
caecmber was designed so thet 1t would just enclose a heurt,
withoué blocking the effluent drain, ilse, sll of the
connections tn the 3-way stopcock were kept nas sﬁort as
pesnlble, =nd the dicmeter of the pussagoway for the sgilver
wire was mede nz omell us poasible.

It wag essential to keep u visuazl cheek on the funetion.
ing of the lsolnied hesrt and for this adeltlonal reason,
the chmnber mide of plass was most desirable. & visusl
¢heck of the heurt revealed the nztuyxe of the heart's
eontractinns whiel: Indleuted the condition of the preparation.
Complete ang cmntinuaps drainage of the chamber wus luportant
in that & fresn aamplé for pil determination was alweys used,
and thies could be cheeked gulekly with the glass chamber.

The pull of the tension ulre on the apex of the heart was
checked frequently to insure that the pull was always direct,

without causing the heart to wedge in one corner of the

Jrees
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cherber,

ibe thermoresulsting gystem. ihe tenrerature ol the

Lhermcestat wus ieplt constunt, al tne preset temperature,

by u Erownwill (Thermomix) Constant Tempersture Circulatoy
(Canlubj. ine circulstor cootoined a tulli-in clrculsting
pumny which was used Lo thermoregulate the pd slecirodes

and the heari{ chumber. Jihe circulator was lmmersed in a

KO Ol X 28 o tank fillled to w helght of 16 em. From the
totica of Lhis Senk, an cutlflow toc an exlernsl pump, &
iolyethylene ventyrifugal Laboratory rump (Cole-iarmer),
provided clreulation Lo the 110.5 ¢om X 12.7 ca thermoregu-
lzting cylliander surroundlang the dowhw&rd conductling
perfugsate tubes snd &0 the chamier surrounding the flow
acters. lhe elreulating water was returned from the top
of the cylinder to the thermostat tank. dee rigure 3. The
woter In thls cirouit was onspnged every LU seconds, thersby
providing ¢ good thermoregulation. G&inee the thermoregu~
latory fluld surrounding the pi electredes provided a shield
foxr these electrodes, the theramostal bath was grounded by
meuns of & ¢opper «ire lmuersed i the bath and attached to

4 water pipe.
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Gas pixturss. The geses used to bubble the perfusates
were mixed in Swo different weys. One group of guses wers
used rouvtineiy snd could be readlly obteined from a
commerciol supplier; another grour ccnsisted of speclal
wixtures which were most effliclently mixed 1n the laborae
tory. The gases used routinely were the following: 855 O,
with 5% Clg &0x 02 with 20% Cﬁa. and $0% Op with 164 coa.
These ges mixtures were iinde Uases and were obtuined Lrom
Union Carbide Canada Limited in Uttawa. Those mixtures
which provided stepwise changes in pCly or poﬁ, were mixed
in the laboratory from tanks of the pure gases also obtained
from Union Garbide.

The goses mixed in the l&boratorj were mixed in a
spirometer (warren E. Collins Ine., Boston, ¥ass.) with a
eapacity of 10 liters. The pure gases were introduced into
the spirometer until the appropriate percentage of tha‘total
gas volume hud been reached. Jofter all of the required geses
nad been mixed, the dead space, which still contained the
last gas intrcduced, wes flushed ouk. The gas mixtures,
mixed in the splrometer, were pumped through the gus dis-
persion system by eltber & Foll-Flex Laboratory rump or by
a Bantam Dyns-Vac Labcratory Fump (Cole-Farmer ).

All guses used were saturated with the rexrfusiog
solution by passing through Pyrex Gas washing Bottles
(Canlable. 7The flow of gas to the gus dispersion tubes was

regulated by a needle valve in each llne which, ia the cuse
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of the ready-mixed gases, wes in addition to the two-stuge
regulators on the gns oylinders. All lines conducting the
gas frox the cylinders, or the sapirometers, to the dlsperslion
tudbes were of Tygon.

The gas dispersion tubes ware Iinsexrted into the boltom
of the vertical perfusate columns, to provide a2 column of
meximum length for solution of the gases and, at the same
time, providing = minimum of solution as = dead spuce nod
recently gessed. The gas dispersion tubes used were Lyrex
Brand, 4 Iinch, Iubular, Fritted Filter Tubes of fine porosity.
Theze tubez provided multitudes of small gas bubbles for
efficlent solution of gaszes, wlithout causing fluctustlions of
the perfusion pressure, To equalige the effect of the
1lifting action of the bubbling gases on the perfusion
pressure, the flow of guses wsg adjusted by the needle
vzlves so that the rate of bubble formation was egual in‘
2ll ecolumns. 7To check this method of cancellling pressure
effects of buvbling for ite effect on perfusion pressure
¢hunges, some experiments were done whereln the bubbling
wage stopped durlng the perfusion from s particular column.
Fesults were the seme in both csses. The pH of the pere-
fusnte remained conainnt for a period of time much 1n excess
of eny experimental perfusion period used. 7This i3 shown

by the grnph in Flgure S,

!
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Flow meters. The flow metsrs used to measure the flow
rate of the perfusate as it was supplied to the isolated
heart, were of tne yotameter tyre with o srherieal ball in
a plalin tapered tube, Thaese flow metars were msnufactured
by Hoger Ullmont Instruments, Incorporated, and distributed
by Cole-rurmer. Since the fluld in the flow meters repre-
sented 2 considerable dead space, the flow meters were
placed in the perfusion line before the switohing stopcock
by whigh the column of perfusate atiached to ths hesrd
could be picked. This placement permitted flushing of this

dead space before each perfusion. The flow meters were slso

thermoreguluted by enclosing thex in = Plexliglass chumber
attached to the thermostat circult.‘

The rate of flow of the perfusion flulds was resd in
relative velues from O to 100. These could be related to
actunl flow rutos by reference to cullbration curv¢3; The

exlibration eurves were plotted from dsts sequired by using

the perfusion fluld, at the perfusion Semperature, to reléta

the =bsolute flow rste in ml/minute to the relstive sonle.
These calibration curves are shown in Flgures 6 =nd 7.
Figure & shows the caslibration curve for the three lorge
capaclty (C ml te 35 ml) flow meters, Each point iz the
mean value of four detsrminations. Ilgure 7 shows the
calibration curve for the small cepacity (C =l to 5§ ml)
fiow smeters. The zmall flow meters were found to glve

readings which were sufficiently similar to permit uslng

B i
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one calibration curve for the three flow meters. This
curve is drswn from the meun value of two determinations
for each of the three flow meters. The flow rate calibra-
tions were mode by collecting perfusnte Iin s gradusted
cylinder for 2 measured length of tima. The results were
expressed in nl/min. Ihese flow rates were then relsted

to the values on the relative seale. All measurements for
czlibration were made when the flow had reached equilibrfum.
MY callorations and experimental readings were mude ot the
ceater of the ball (rotameter) with the eye at the level of

tha rotameter to usinimize the error from parzllaXe

fatermination of pH. :11 piH determlantions in these
experliments were wade using the Radlometer pH “eter i
(kadlcmeter, Copenhagen, Depmark) wlth a Seals Ixpunder,
type rH: 988, 7This combinstion is referred to us pi Meter
6 SE. when uzged wlth the scole expander, the 0«14 scale
ol the pH meter 1s expsnded to u O-l.4 Scale, the zero of
which ¢an be set at any valve between G nnd 14 pid units,.
4Lth the sceale sxpander, the reproducibility of the pa Geter
25 LGE §s 1C,002 pd units.

The eiectrode ehain used with the pH Heter 25 SE was
the idcro Electrode Unit (lmdiometer) consisting of s glass
electirode GR¥7 and a calomel reference clectrode E457.

This ¥iecro Electrode unit iz shown In Figuge &, The two



FIGURE 8. Microelectrode for pH Determination
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oleotrodes znd the liguid Junction in this unit were
tnermorogulated by connection with the thermostat previously
describeds. The azmple volume required by this electrode wus
%0 wlcrollters so that it wns rossible to tuke repeated
samples fgcm even the ssellest volume of perfusate or
eiiluent. iIn the giaupling position, the polyethylene
czpllliury of the glass clectrode (see ligure &) wes lifted
out of the ealomel eleetrnde by lifting and rotating the
complote gluss elceirode acssembly. In this position, the
polyathylene enplllury could be quickly attuched to poly-
ethylane tubing (i% 190) of l.19 mm internzl dismeter, by
giwply inserting the c¢epillary tubing into the PE 190 tubing.
Since thﬁkcapillary is tzpered, u_bight gsesl wns made
between the twe pleges of tubing. This linksge comnleted
the sirtight connection botween the heart chamber or the
perfussate outflowe (see Figure 3) und the o electroéas.
aith thiz alrtight chaln of tubing und chambers, the pii of
the perfusate or the efflucnt of the fgolated hesrt could be
mensured with the assupsnce that COp, was nelther galned nor
lost. The solutions were drswn into the glass electrods by
a SLight neg=tive pressure from s suction spparatusS.
stundgrdization of the piH meter wns done before sach
experinmont, midway during the experiment, and st the end
of the exverimzent, using Peckman 3501 Buffer Solution
(feckran Instruments, Inc., Fullerton, Californim). Since

buffer pli vanlues were given for 10 C increments of temperae



ture crenge, s calibration curve wes drawn to quickly glve
the buffer wslues in pid units at the temperatures mosi
1ikely to be used ir the experiments (Figure €). 4% the
usual experimentzal tempersture of 32 C, the pH of this
buffer wns 6.9584,

Effiuent gollection. Effluent colleotlon for the

determination of sodium, potussium, and bicarbonste concen-
trautions was accomplished by placing Polyethylene Chemical
Conteiners (Hel-Art, rFequannock, d¥.J.) under the three-way
stopcock mttuched to Lhe bottom of the heart chamber, =nd
collecting the required mmount of effluent. TIhe contaziners
used had n capacity of 1% ml and had leakproof ¢losures of
polyethylene. 7The samples ccllected were placed in the

refrigerator imeedlately upon collection. when it was npot

being colleeted, the effluent drained into a waste container..

Ihe physloloeienl recorderg. Two recorders ware used
Guring the complete series of experiments. The rhysiograph

"Four® Recorder (£ & ¥ Imstrument Company, Inc., iHouston,
Texus) wag used for experimente one to twenty-six. For
experizents twenty-seven to fifty-seven, the Grass biodel 7
Polygraph (Gross Instrument Company, -Julney, Hass.) was
used, 7The use of these two different mauchines and seis

of transducers provided a check agalnst the possibllity
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that o modification of the results observed mlght have been
due te the characterissics of the recorder znd ussociated
trangducers.

Thyee channels wers uvallable in the hyslogruph and
such cona;sﬁed of a D.C. smplifier, #ilth channe)l number
three having sn added dl-Galn rrenmplifier for recording
the electrical activity of the heart. Channel one was used
to recoréd tension, channel two to record perfusion pressure,
channel three to record the heart's elegtrical activity,
and a fourth chaomnel provided tlme and event markings.

The puper contyrol 1n the Fhysiograph was a continuously
variable type. The paper control unit% in the Grass becorder
was the Instant Shift Chart Irive System, Type 928
{Ssandard), with speeds of 100, £0, 25, 10, 5, 2.5, 1,

0.25 mm per second. The speeds chosen were those sdeguste

to separate the events which were of interest.

Tension rucording. '‘he tenslon produced by the heart
was recorded by the £ & M Myograph, Type B, when using the
rihysliograph. This transducer {8 of the photoelectric type,
and Has a maxizum range of @ to 30 grems. The trsnsducer

and amplifier were emlibreted before each experlment by

nenging 5, 1C, 15, 20 and 25 gran weights on the transducer's
hook, and adjusting the amplifier's sepsitlvity control to

] prodace the desired pen deflectiocn.

IR T S0 2 L s s,
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#hen recoréing tenslon with the Grass rolygraph, the
urass forca-iisnlacement Tronsducar, Model FTI0 was used.
Tilg. transducer used four boanded straln gouges %o fora a
bridge connection to messurs the strain produced on n cuntle
laever beak wten a foree was spplled te Lt by the prepaoration.
The maximur working range of tnlz instrument wes O to &G
grees whan used wlthout o gspring. This range was adesuate
for these experlments, hence this transducer wns always used
without springs. Calibration was accomplished by hanglng
welghts on the lug for preparation attzchwment. The welghta
used wore ag described above for the other transducer, The
balance voltages on the preamplifier, required for anking
any one of saveral 10 gram steps of tension lncrease the new
baseline gero value, were checked and recorded defors each
experiment. Using sany cne of these values during the
experlament pormltted the expanslon of the tension reéarding

in a glven range wibth 4 resultant measurenent ol greater

AQRUrLCY «
rarfugion pressurs recerding. rerfusion pressure was

gessured by an ¥ & A Fressure Transducer, Dourdon Type,
wien recording with the ihyslograph. This ie & photo-
electric trunsducer with s rangs of C to 300 mm HE Praessule.
The yolume displacemept of this transducey 1s gpproxiuvately

15 cublc mm per 100 mw of mercury pressure. this trensducey



Q&

and the caplifiex were collbrested in 10 me Hg pressure
steps from O to £00 mu :g pressure zt the vegloning of
each experiment.

when using the (ross recorder, = Jisztham :ressure
Iracesducer, Jodel rzd.. (Ytathus Transgucers, inc., tuto
ley, fuerto hico) wues used. ke volume dispiucezent of
thie truensdacer wuo C.86 cublce mm per 1CC mm Hg presgsure,
The trinsducer and arplifier wero cullibrsilvd vefors erch
experiment as described above for the .hiyslograph recorder
end it: tricsducere The bulsuce voltuges on the proumplifler
were chacked and recorded tefore eaxch experiwment o that
any one ¢f the LU mp kg pressurc sieps could be made the
z28x9 base‘llne. Thils perwitved expansion ol the pressurxe
scale within the range =zt which euch heart wag functlonling,

ang prevideC morc exuct neasurepsnt of pressure changes.

Leeording mvocardlzl slectrics) agtivity. The third

chizrnnel of both rocorders wes uged tto record the electricul
agtivity of the heurt. True electrocurdiogroms were
recorded while the rats vere under anestiesis hy inserting
pin elactrodes in the four extromitler. This permitied
monitoring”henrt rate veriztions during the operntion,
during heparin injection and durlny s:sline infusilon. .fterx
the heart was slowed by the cold swline infusion, the pin

electrodes were remove! and the ECU preamplifier was coupled
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to the electrode system for recording the potantlal changes
fronm the surfnce of the hesrt. The tern slectrogram will
be used to refer more properly to the records of the heart's
electricsl setivity ug2 recordec by eleatrodes in contact
with the gurface of the heart (BELL, D3VILSQN and 5Cile
BOROUGH, 196); GOLDUAN, 1956).

The electrograms from the isolsted heart wera taken
uzing two different types of clactrodes. In the early
experirents (l-£6), the alectrodes consisted of two 2C gauge
siiver wires pessed through the henrt chamber's loxiglzss
eover with one touching nn striwe snd the other touchling
a ventricle. To make placement of the hesrt In the chanmbor
&8s simple>us poseible, the electrodes were changed in
Lxper iments 27 to 57. In these expericents the szline
ecolunn perfusing the heart served as on¢ clectrode, and the
silver wire through the zpex of the heurt served as the
other slactrode. Stinchrent to these electrodes could be
made quickly, wishout disturbirg the heart, by connecting
the leads from the preszplifier to the surfoce of DU laer-
iolt connection in the perfusste line and to the teasion
trunsducer. The slectrograms apd the electrocsrdiogrums
were used to znalyge heart rate only, and ne attempt wa
made to correlate lonle changes with changes in euwrdlac

electrical ectivity.
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Stimulator. 4hen the experimentnl procedure ¢nlled
for driving the heart at s constant rate, the stiwxulstor
uged. was a Grass Stismulstor S4G. The electrodes used for
stimulution were those used o recoré the elsctyocgIani.
The voliage used in all csses wus that voltage which wus

Just greater than thyeghold.

Antegrited use of the eguiprent. After the heart had
been lsolnted frox the body of the rat, =23 descoribed in s

previous section, the heart was brought to the perfusion

S apparatus. The finzsl sectiorn of the perfusion tubing, which
was already attached %o the heart, could be qulekly attached
to the maln seetion of the perfusion apparatus by Luereiok
flstings. To insure thst no bubbles were present end that
saline at the proper texmperature and pH was presented
fmmedistely to the heart, the perfusate was sllowed to flow
through «t a pormel rete for z minimum of five minutes

prior to attachment of the heart te the perfuslon system.
The perfusate in the tunks was bubbled and thermcregulated
for a minisup of an hour vefore each experiment. The control

perfusion used to begin oll experiments, was with the

perfusate saturated with 95% Oy and 6% CO,. Upon attachment

of the eznnulated hesrt to the perfusion apparatug, clamps

on the tubing ware releasecd so that the pressure transducer

1irne wns next opened. This permitted dralnage of any bubbles




precent., ihis line was then stiached to the pressuye
Erznséucer shille sullne flowes ln order %o preveni the
cecumulztisn of bubvles. The clamp on the heart slde of
the Teplece (3ge Figure &) wns then released so thnd o
bubble-froe streur of perfussie now pogsesd through the
neartts goronery system. If the heart did not start bouting
spontaneously #h this tlme, Lhe preparatlion wus dlscarded.

The recorder had been rllowed to operate since the rat
win8 plnced na the operating boerd, in order to Keep track
of elapsed time 28 well na tc record neart rate chonges.
sLeer attachoent of the hesrt te the perfusion appuratus
the recorder amplifier for pressure wag turned on. verfusion
flow rate wng adjusted to the degired level, und the buse
line of the pressure smplifier wus s2t to a range calculated
to best ghow the antlelpated pressure changes.

snen the aittnchiont of the pregsure recording #pparatus
was complete, the silver w«ire attached to e apex of the
ngart was Sureaded tarough the pussegeuwsy 1n the heuwrt |
chaxber (see rigure 4 end attuched to the teanslon truznsducer.
The hears cnamber then was slipped in place over the heurt
and the cover, with 1ta Yuselline seni, wag sgplied over the
open end i the chamber. The tenslor willxe openlng als0 wos
senled with Vaseline. The tension transducer wos adjusted
to apply the approxlmzte tenslon required on the heart.
Tension cdjustment was by mesns of a mlcroscope nechanical

stage wodified to be firmly attached In positlon by lts base
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and to rigidly volg the transducer. sfter the apnrrodlmule
tensicn had been szpplied, the tension channel amplifiler wug
switened on and ithe tension adjusted to Lhe desliyed vilue,

#ith the silver wire in place snd the perfusste column
complete to the hesrt, the electrodes could be attnched to
record the electiragraa of the 1solated neart. Une elecetrode
was attsched to the Luer-iok connsctor in the perfusion
pregsure line z2nd the obther on the tenslon transduesr. olth
the clirecult thus eowmplete, the TC0 saplifier wes turned on
to produce o recording of the electrogrem used for rate
anslysis.

Inftislly the heurt -ng perfused for o minlmum of
fifceer minutes with tie control perfusate to nllow equl-
libriun to be aehleved. Uguully 2t the end of the {ifteen
mivute perlod, n» further changes were evident In perfusion
pressure, itengicn, or rate, bul i changes were mccufring.
2gditionsl time wne 21lowed Lopr esquilibriun o be resched.
Flow rate volues, in relstlve units, were yend Quring the
equllibrivns period ocnd recorded on the polygraph record
psper wvbove sn event mork made 2t the exaet time of the
deteraination.

The change to an exrericental perfusate wag proceded,
in ench cuse, by ¢ flushing of the perfusate llne lasting
2t les=t one minute in corder to present fregh scliunticn to
the heart =t the inectant of ehange. lso, imredinstely before

encn change, the level of the snline In the perfuslon tank



was ndjustes to insure that the ssze hydrostatlce pressure
was presented to the heart 23 tnat under the control
perfusion.

switening from the control perfusate tuo the experi-
wentul perfusuale, und the subsequent determinations and
recordings, reguired the participation of two peopid. The
division of dutles was wmade 50 that one onerator watchec
the recorder, switches o new basellnes or smplifier
sensitivities, resd znd recorded flow rstes, recorded
effivent pd values, recorded the sumples taken, and noted
and recorded the elapsed tlme on s particular experimental
mixture. The other overator, who directed the overall
mapagement of the experinents, nssured that the desired
experimentanl conditions were maintalnead, switecred to the
vorious columnz of perfusste, took efiluent suamplss, gampled
for effluent pd, resd out the effluent pii velues, znd
flushed through the pexrfusutes to adjust tank level or to
remove fluid in the dead space.

The two variables which were rccorded mupuslly durlng
the experiment, were flow rate and perfuszie pi. By using
two rewote event murkers, the poilnt at which these two
variables were read, and the cccurrence of other events
could be indlested exmectly on the record. For exauple,
wien the four-wey stopeock was turned to switeh from one
colunn of perfusate to another, an event mayk was nude and

letelled. The records from the experinments, completely

ErE
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labelled in ¢his zanver, minismized thne possibility of error
cug Lo nlsgiluced expe:rimentel values.

- A% tho end of euch experiment, the perfusnte pil values
were read sgain for comparison «4ih the perfusute po values
from tne beginnleg of the experiment. The heart was removed
frow the cannulz and all tlssue wus dissected e-sy leaving
caly the Uwo ventricles. ¢ ventricles are more definie
vively outlined, hegee it wng felt thst the wster content
of wyocurdinl tissue gould be nore exaetly sampled by using
only the ventricles. ine ventricles were cut open zrd
blotted dry on flliter paper znd then welphed on & setstler
Gruage Lle tulance (d. <ettler; Curicn, Switzerlund)., This
Lialance welgns sccurately to Cuol 2illigram. The veptricles
wvere tien pluced in an oven at 1leG € for o minlmum of
twenty-four hours. ..t the end of this tine, the ventricles
were welghed pgain and thelr water content wes ool Qluted.

“Lter completion of the experlumenis, the nolygraph
record was codplelely manlyzed and toe resualts tabulated;
The values extracted fromn the record and tabuleied lnecluded:
Ylne frow the beglnniog of perfusion, elnpsed time frow the
inltleilon of 3 particulsr experimentil perfusion, elupsed
tize from the beglinning of recovery on the control perfusate,
tenslcon et diustole, tension ut systole, relative flow rate
velues, absolute flow rate volues, perfusicn pressure ot
dlastole, perfusion pressure zt gystole, heart rate, efiiuvent

pli, and remsris aboub aay chunges n experimental or control

N
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conditicns,

Jeart rate wns culeunlated frowm the record by counting
the nwrber of bexta in fifteen seconds, 28 rocorded by o
electrogren, wnd convertling to tie number of peuis per
ainute. Flow rote roadings wexe cade ot upproxiz:tely ien
seccnd Intervuls during perlods of chuange, vnd ol LpProx-
imstely thixrdy second Interv=ls during periosds of
eguiiioriume Ihe relstive flow rale resdlings are converted

to absolube vslues, in ml/=min, by refercene

4
(24

o the

eallibruticn curves przvliously deseribed. Wne other

veriasbles were senguyed frowm the continuwous recerd =t the

gryse intervals sg the Dlow rate mecauremcnis.

L=

The rezlziunce of the coronsry circulotion at systole
and ab dinstole wuz cenleulated lxcedintely from the experi-
mentel values for flow ruie wnd pressure.  Ihe resistunce
Lo flow was eelouluted usging the relztlenshily b = £;1

=
(BURTOW, 186%). shen o, bthe pressure on itie arborial

|
|

side, minvs the presscre on the venous aide, is eZpressed

in dyres/er® (ms ig vressure X 1330 dyanes/em) and F, uhe
flow rute, 18 exprussed in cmﬁ/sec. I Lg the resistunce in
dynea~sec/cm5. Tba Tliow in cma/sec Is clozely eguivelient

te ml/min, whe exvression of flow rute used in the experl-
wents, divided by 6C. The conversion fnctor, 133. dynes/ci

is caleulntes vz followss (FUCE and FlUulvh, 1960}):
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1 o iig pressure = 13,6 E*:r:m:;g # S8C _dynes X C.l cm

#X'am

:E_&_,_g X S68C dynes x C.l
em

BV el
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Sedilum and potuegsiun, The desermins

pot&ssiu& speentrations 1o the pexrfusnte and in the effluwent
wiap done by lame photcomelry. o Poie Coleman Flape (holode-
eter, «odel 21, cousled to 5 i.ile Coleman Lulvo-neter, odel
253 (Uolemsn Instruments, Inc., ~uaywood, Ill.;, we=s used for
all apalyses. {nls 1ls 2 Lfillter instrument and the uporo-
griste filters werg used for sodium ond potassium,

~1l volusetric glusswsre used Lo meésgure or dilute the
golutions for anmlysis wes idsax, Clogs o, Ulagsware (hiluble
Glass Co., Toledo, thio). Tihls glassysare 1s of borosllicate
slaseg whieh hos 2 low slkull comtent snd which hug no
coleium present. 1l volumetric glusswaire used wes of
preclsion grede mseting the gecurney requiremsnts of the
United Stutes Suresu of Gtandards.

Eefore esch determinution, enlivration curves for
sodium ené for pobzsslunm were drawn Lrom the appropriate
standerds. Lodiux chlorlde, of the grude previously dssge-

cribed, provided the varying sodiumx concentrations for the

-

sodlum standards. To eancel out the effect of the intersciion

of catiens, {4 seemed analytierlly sound to provide u
backeground in all the stnndards equivslent to that which
would be present in the experimsntxl sazples. Iherefors,

preparation of the standards was equivalent to a preparation
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of the pertusata saline, but with sodiux, ol potagsiug, |
concentretions 1imites to the vilues regulred by tbe
stundards,

Zaeh estlon has an optinal concentration for Lts
determination by flame photometry. Jhe optimum concentratlon
runge For scalua, specified by the manaluctorer, is G.Cl-
.0 mhq/liter ené the optimum concentration range specifled
for potussiurm, 18 (.02-18.0 mEq/liter. Ihe tozul scdium
present i the perfusate wus 13%.7 wiq/liter, &nd the total

ptassium  present wag 5.63 mia/liter. IThe effluent samples
were diluted 1:50 to bring the concentratlion of the cations
dosn bo the level fer optlimal flame photowetrle function.
inis «s bused on the agsusption that the neart would clterxr
the compogition of the perfusate only minutely. oased on
this zesumptlon, the effluent concentratlons still would e
of the suwe order of magnltude 8 the perfusate concen=
trotions. The estloeted concentration of sodlum ufger
gilution would be upproxlamztely £.8 miq/liter wand that of
potussium would be approximstely O.ll miq/liter.

The standards were de to locuate these approximate
finnl concentrations I the middle range of the emission
scales wWith the sodium standsrds, 2.0 mig/liter woes made
equal to G4 enlssion and G.0 méq/llter equal to 1CCT
exlssion. Stundurds were nlso prepared for each Ce.c miq/

liter step between 2.0 znd 3.0 mig/liter.
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The stundards for potassium determinailons were made
ss thet .06 mEq/liter geve O exzission and C.14 nig/liter
gave 1CC% emiaslion. rermedlate stnndards were made up at
C.(2 mig/liter steps tetween the O3 nnd 10CL values. Two
typleal qsandurd curves are shown Ln figure 10.

In 211 standaré solutiorns and In all dlluvions of
effluent sumples, veutlonox (eientific iroducts; Lvanston,
I1linois) was sdded to give n final concentratlon of C.U2 g/
106 ml. fThe inclusion of . cationox served Lo prevent
foullng of the nsplrator caplllsry. Ieminerallzed water,
from the source described previously, wns used to dilute
standards and samples 1n all cases.

The samples of perfusate and effluent werc storec in
the refrlgerator lmredintely upon gollectinn. The storoge
temperature was aprroximstely £ C. The soluticns were warmed
to room temperature imsedlusely before pipeting. Two 2.C ml
sazples were plpeted, using .0 ml plpets {gzlibrated to
deiiver), into two 10O ml volumetric flasks. seationox was
sdded a8 previously described. Leminernlized water wus
added to volume. These dilutions provided sazples for the
socium and potassium determinutions. hefrlgerated storuge
of all solutions was currled out whenever anclysls was
interrupted for extended perlods of time.

For the determination cf the concentrstions 1n the
stundards and Lz the experimentsl solutions, cerizin pre-

cautlnng ~ere routinely used to insure the optlimum perforiance

T
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of the instrument. Fresn silics gel wss placed In the
electronies compnrtment of the flume photometer, and Lthe
electronic circuitry was nllowed to remaln “on” overaight
srior to the determinations. These precautions displaced
most of thz molsturs from tne electronie coupenents und
enhunced thae stabillty of the instrument.

The aapirstor assembly w:s store¢ in deminerallized
water vetweern determinrntions. #rior to euch experiment, the
capillsry wa® blown dry with compressed uir. 'the screen
surrounding the flone was stored in deminerzlized wuter alse
and elesned before use. These measures ensured that no
accumulztion of pzrticles of residue from previous experi-
ments remsirned to contominate current deternin:tions.

The 10 ml glacs beskers, used to present the samples
tc the aspirstor assembly, were made of borosiiicate gluss
ir order to prevent 2lkall contaminntion. Ihese bealkers had
been washed in = non-ionle washing solutlon, had besn
rinses five times with demineralized water, =2nd had been
oven dried before use. The solution to be anslyzed wus
alvrys used to glve » final rinse before snulytical use of
the bezkers.

To minimlze the effect of decreased flow rate of the
solutions througn the flume ns the level In the beskers
dropped, the level 1n the teskers wus kept within the s:ne
1izits for all determinstions. & minfmum of four deter-

zinstions was mode for each of the two dilutions of the

ER i
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effluent samples.

Licarbonute. ‘ihe sasple bleurxbonate concentrutlons
vore determined volusetrically. 7The scheme of the deter~
minstions was to add = known excess of HCl, zllow the
reaction with ﬁCLs to occur while =s3slsting the evolution
of Clg, and titrate the excess nCl +1th lacH. 1Ihe rezctilcn,
whicn is fundsmental to this scheme of determinstion, 1s:

A HCOR — 1,008 ——> ccéﬂ\ ~ 0
The guality of wvolumebtzrlc glessware uged in z1l of these
determinztions was =8 deserlbed in the previous section
Tor sodium and potzseslium.

sodium carbonste »2s used a8 the primasry stendard for
tne 4C1 snd the KaCH. Yodium csrbonute (risher vercvified
Leagent; wns neatec to 270 C to reamove waber com?letely und
to convert Llesrbonnte to corbonate ('IkiCk and neeloUil,
1946). This sodiua carvonate was welghed on a “ethler
Gromestle Balupce w=nien could be resd nccurately to Cel mge

the stardard sedium carbonaie was titrabec to pn 6.0 by

gne nCL usling Urowercy Unlverssl indicator (Fisher Sclentific

Co.; Pairlawn, &.Je). The titratlion of thils suit ol a4
woeek acid, ﬁaﬁcoa. by the strong acid, iCl, forms a weak
aclid at the stoichlometric point, hence an indleetor with
the end polnt on the scid side of neutrality wos wost

sabiefzctory (- Llohlh and HhoNISCRH, 1948). Ihe stundsrdlzed

RN o2
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Cl wnm thon used to standardize the FNalil by titratlon to
ph T.¢ usipg the seme Ladliecntor.

The apparatus used to reanct severnl samnles concurrehtly
consistes of a rogx of tusnty 1C mm disweter .iiero-rllter
Tabes (C.Hd. Johns Cluss Co., Lid.; Torsnte, Cunudej. These

tubes w11l contain elipghtly more then 10 ml; o convenlient

he busze of these tubes

fatd
14

volume for these titrotions.
1s & gintered glmss disk vwhalch serves to distribute o go
as u mans of fine bubbles. These filne bubtles served to
pix the solution thoroughly and to remcve the CUp from the
site of tue rencsicn, thereby shifting the gguilibrive podnt
of the resction far to the right. The gns used for this
surpose wag Clu~lree M. The gas line wag atteched to the
topered gns connaction below thé aintered gloss LLllter.

Titration of the ercess CL by tadl wag done by means
of z ilaton votor Hures, wdel E2S8 (Hebtrohm LU nerlscu,
Switzerlend). Using the & wl berrel, each divislon on ke
scale reprecented o C.00¢ ml velume chunge. #ithin each of
theee divisions, it uns possible to reaxd to tne nearest
G001 ml of welume change. The tubling used 60 deliver the
$u0H te the saople in the Mlero Fllter fSubes, wag spz )Ll bore
polyetnhylene which provided fiexibility and smell drop
delivery; See Figure 11 for ¢ schematle representaitlon of
this equipment.

The nddltion of the Universal Indicator ceaused unde-

sirable frethlng ol the soluticn during bubbling with the

EECONN ot
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sinterec glnss disk. To overceme this difficulty, /4 of |
she HaOH esleuliates to be required wus udded $o the sanple |
pd thiz was bubbled vlgorously for two mlnutes witi:oubl the
indicstor. ine aotrosch to the end polnt wis then donz with
the fndicutar in the soniutlon, the gas flow through the
aintered gluss disr closed off, and bubbling wlih a very
szall bore polyethylene tube {(see Figure 11). This tube
provided bubbles ngequste bo agliote the solution und drive
off rny Cip, but lurge encugh so that frothing did not occur.'

The time rensuired for the Tl o react wltnh the stand-
axd sample of .illx wns determined. 1% wos found that
bubbling for five minutes drove off all of the GO, and
allovwed completion of the rauc;ion.

The effluent snmples previously desceribed gsupplled the
gazples for the blesrbonnte determinstions zlso. It should
e reeilled thot these samples sere kept refrigerated In
cirsiznt contalrers. Tws ssaples were tzken {yom esch of
the offivent zaxples colleeted snd dlluted 1L:EC with demine
grallzed, Clg-free, wrter. Two ml of the dlluted suwuples
were plreted into the bubbling tubes. Inte the two ml
somplee wag plpeted OO0 ml of the previnusly stenderdiced,
approxisetely C.CCT 7 iCL. The uecldlfled saople was sllowed |

to bubsle by @esnt of tve CU, free I, for at least five
o

minutes. Vsing the moter buret, approximately 3/4 of the

galeuintes Nudi recuired wes ndded cond bubbtled for two

minutes.  +he bubbling woes then stopred nnd the indlentor
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added (C.5 ml). Bubbling wss contlinued usiug the polye-
ethylene tubing while titration to pil 6.5 wes completed.
v minloun of two deterainstlions was done on each of the two
dilutions from esch effluent sazmple,

{he ecsleoulation of the nusber of mig/llter of bleure
bonste ﬁresent wns done by subtracting the nusber of mig
of EzUH regulired to titrate the excesns HCL from the total

nueber of mbqg of HCL added.

W
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To test the cnonge:s in the seversl variables for
significunce, the means of the changes were analyzed for
signifieance by assuaning that these were palred experiments.
Two observati~nas ~n the same individual way always be
palrec (HNELECOTE, 1862). The first member of ench puir of
values was the control quantity obisined durling perfusion
with the snline bubbled with 95% Op und 8% COpe The second
member of the puir wus the experimentsl result obtnined
during perfuslcn with & periusste other than the control.
The test for sisnilicaznce on the grouped pairs was done oy
evelustion nccording to the “mtudent® t~Test. 1l the
probability of o larger value wWas .08, or less, the exper-
imentsl change was considered significant.

Comperiscn of the experlimental results sgalnst the
control values wns done ut gselected tiuwe intervals alter
the ehenge tn the experimental perfusate. irom axperience
with the prepnrotion, it could be seen that analysis of the
results at /2, &, and 3 minutes would encompnss sll

changes in the variables. lor sone variables, 1t was

~n

ceclded to snnlyze the cranges zt 2 time of 1 minute %o
test wasther this wvalue fell on the curve plotted by the
use of the otner three time intervals. Since the 1 winute
value siwvays [ell properly on the curve plotted using the

other three v:lues, it wes concluded that the original

2 acamdrs
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agsumption was valid.

txwerimental changes were pleaced in homogeneocus groups
cetermined by the Lype of experimental periusnte used. For
ench of the selected tires, the mesn change, the svunderd
error, the strndurd deviztion, asnd the tevalue, wis caleu~
1ated by ﬁmchine. The method for nnchine exleulaticn wes
28 ceserlibed by UNNLLCUR (19€2).

The tost used for correélation weos the Jusdrant Sum
fest for -ssoclstion (Wi-xToisl and TURLY, 1¢47). Yo tast
the possible assoclutlen of two continuous wvarlablss, &
sextter dlsgrom of the polints, located by the value of the
two varisbles, is drswne Two lloes are drown L0 fora the
x zpg the y zxee renresertlng, independently, the medlan
point of the y =od tne X vslues fespectiv&ly. Ihiz divides
the scutter clagrxm lnte four quadranis, The uppexr right
aré the lower left guadrants zre lubelled us positive, wnile
the other two nle lobelled =g negutive. Heving s stralght
ecge successtively frow euch slde of the paper toward the
origin, those polrnis present in one of = pulr of quudrants,
before the sppearsnce of & polnt in the cther guadrant, 2re
tabulated «1th the apyropriate signe. The sum of these points
iz teken nlgebralcally and analyzed for slgnificance accord-

ing to the values given in Tuble 1.

A -



for Jdagnitudeg of 5
3ignificance level Magnitude of
(Conserveative) guadrant sume

1C% g
5% 11
2 13

1% 14-15

O [ b:; lﬁ- 1?

C.L1is 18-21

s;idapted from original table, CLESTEAD und TULEY (1947).

vwine smaller magnitude applies for lerge sample size,
the larger msgritude for smgll sample glze, HMpgnitudes equal
to or grester than twice the somple gize less six should not

be used.
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Cbservations mucn af neart rote chungs with the cold

exline Infusion were wade al the peginning of experiments,

reasrdless of the protocol followed during the experinentse.

In tniz section those results will be preseniede.

Chest temversture change with gold szline infusion.

in four experiments, the ohanges {n chest bjemperature sCcCom-

punying the infusion of c~ld snline were recorded. .In zll
eases, the chest terpercture refers to the teoporsture
peesured on the esposed chest masculature after removel of
tre skin. Flgure 12 shows the change in ¢hest temperature
cbserved in exveriment:l rat number 35, Tt cun be seen that
chest tempersture fell gradually wlth progress of the cold
infuslon 2nd then reached an equilibriuz level. The eqguli~
Librium ievel w2s limited by the tempersture of the infusate.

Frperiment 3% wng uged to show this chunge in tesper-
sture vecause it provided the most cemplete series of

readings. <“he other determinstlons, while less complete,

ISR
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provide n curve of the ssme shape 23 shown in Figure 1lZ2.
The temperature extrapoluticon to zero time 1s an estimate
since no readings were tuken nt zero tine, due tc the |
technienl demands of initlating infusion of the cold
galirne.

Chunge in besrt rate =Ll gold seline infusion.
Figure 12 also shows the change in heart rate with cold
galine infusion a8 seen in Experiment 35. It c¢nan be seen
thot the rute of contraction £alls rapldly with onset of
the snlire infusion and then plateaus out to an equilibrius
rate. The slove of the curves varled from experiment %o
experizent, but the effectiveness of the cold saline
infusion, s manifested by the rapid slowing of heart rate,
is evident in each experiment. Fibrlllation was ngt
obse:ved during cold infusion in any of the experiéenbs.
The eriterion usecd to end the cold saline infusion
wis the attalnment of z rote equilibrium. wshen it could
be seen by an inspection of the polygraph recording of the
5CG that the rate was no longer decrecsing, then the cold

infusion wss terminated,

ynter gontent of the experimeptal heuris. To check
the amount of water gaineé by the experimentul nhezris,

hence the degree of edems, the percent of the wet heart

I
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weight to dry welght (tissue welght) was calculated end
analyzed statistieally. . comparison was made belween

the experimentul rats and a group of control rats.t

The mesn pareentuge of the control rats' (dry heart

welght )/(wet heart welght) was £0.40 1 1.33% (30). 1Ihe
mesn peréentage of {dry heart weight)/(wet hecrt weignt)
for the experimentul rat hearts was 16.51 * 4,374 (D).
Theye were thirty-nine hearts in the experimentul group

and seventeen in the control group. JSince the dry tlssue
welght of the experimental rat hearts wa3 less than that

of the ccntrol hesrts by 3.59%, the experimental rsat hearts
conteined an aversge of 3.89. more wster than the control
group. /n enalysis of slgnificgncé of tne aifference of |
the means of the two groups, according to the method for
two groups of different sizes (SBKIlICUX, 1862), wus carried
out. By this test, the significance of the difference of
the two menns was much less than C.001, therefore the
greater wator content of the experimental nhearis was sianl-

fionnt and likely dus to the experimental procedures.

Lne controcl dats was obtalned from Dre. . Z2eznsk's
laboratory. 7The hesrts were from animals within the same
welght range =9 the oxperimentul ruts. The ventricles
were removed nnd welighed without undergoing any experli-
mentnl procedures, except thelr removal.
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Nusber and duretlon of experimentz) chunges. Each
rat heart successfully used for n series of experimental
changes was numbered sequentlally. Therefore, exyeriment.
numbers rafer to the number assigned to the rat heart used.
Esch experimentsl change performed on the numbered rat
heart waé lettered consecutively. Any experimental change
which suffered z departure {rom proper control comditions
was sliminated ond the results were not used in the
statistlienl anzlysis of the wariebles., <ZSuch departures
from proper control conditions lncluded changes in control
tension applied to the apex of the ventricles due %o accl~
centnl movement of the transducer, movement of the heart
eharber during an experimental change, sticking of the flow
meter ball following & change in perfusete, entrance of alr
bubbles into ithe perfusate siream, or centrol pexrfusion
perlods of inadeguatc length for proper recovery from the
previous experimentsal perfusion. The pumber and duration
of the successful experiments with proper control conditions

1a shown in Table 2.
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THBLE B. Humber and Nuration of Exverimentsl Chonses

Kature® fuohey Feon Quration Range

of change of changes in minutes in minutes
8071 0n-20% COo 78 6.50 2.00-29,50
pH s.éa
9 :“i 02"8:; COE 27 4,10 2.CCe 7.C0
i‘ﬁaethyl sulfote < ' D35 3.0C= 5,00
control
20% 0§-10§ Cop 4 8.33 7.16-10.00
pH 7.10
Cther chenges 75 6,90 C.50-2C.26

w411 changes ware from 95% 0,-6% COg, pH  7:40

Within the group, "Other changes¥, are included those
chenges to gesg wmixtures in which Ug or CO, was changed in

a stepwlse fashion.

The gffect of the duretion of the expeximents on the
obgerved espopses. Sines the lsolated hesrt will ultimately
fsil, the possible modiflestlon of response, due Lo reaching
a polnt qr railufe, mist e gonsidered. One heart was
allowed ¢ continue under She usuval perfusion conditions
to check this possibiliity. Function, ss determined by

hesrt rate and perfusion pressure, was silmost ldenticel with
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the initlal level after 12 hours.

Varlous times heve been reported as maximal for
isolated heart perfusion without fzilure. Taking SC
pinutes as an average opinion, the responges to experl-
mental perfusion with 8Cf Cp - 207 CO, bubbled sealline
vere groﬁped aceording to whether they occurrad vetween
0 and SC minuﬁes or whether they occurred after S0 minutes
of perfusicn., The pexcentmge change ln heari rate and the
percentage change in contraction tension from control values
were then calculated for the two groups. These resulis axe
shown 1n Table 3.

from thne results in Table 3, 1t can be seen Lhat therxe
1s no essentinl difference between the raesponses in the
0=80 minﬁte time intoerval snd thé responses in the 80+
minutes group.

inother control on the effect of perfusion duration
wns earried out for each hesrt. Ain experimental perfusion
with 80% Og - =CH COp whs conducted near the bveginning and
st the end of each experiment. The responses were always

qualltasively equivelent.
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I1. THE SFFECT OF VARIOUS EXFERIMENTAL YBEFUSATES OR THE
TENSIGN DEVELOFEL BY THE MYOCARDIUM

. Gepepale The tension, &3 messured by s transducey
attached to the spex of the heart, {5 not the sawe contrale
tile tension zs that applied %o the mass of bloed during
the hsarﬁ's puxmping action in situ. However, when the apex
of the heart 15 sttacheé to s transducer, the transducer
then messures the resultant of the forces epplied by sll the
myocardial cells regardless of their orlentation. Since the
colls cannot chenge their orientation and since the connect-
ing wire does not umove during the experiment, the only
change in tensfon measured by the trznsducer sust te the
result of changing myocardisl cell contractility.

The terms systolic'tenaion‘and diastolic tension will
be used for the sake of brevity to refer %o the tansion
measured at systole ang to the tension measursed st diaatole,
raspeetively, in theze 1golated bheart preparations. It is
understood that this usage of systolic =nd diastolic tenslon
ts different from that used as appliec to the heart's
funetlon =8 en orgen within the circulatory sy stem.

The terms twitch tension or centraction tension will
be used in reference to the difference betueen the tension
at systole und the tension at dlastole. This then
represents the amount of tension generated during conirag-

tion over and above the resting tonzion.
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The typicsl response to g perfusate bubbles with 803
8Os apd 203 L0s. when changing from a c¢ontrol perfusate
bubbled with $54 Og ana 5% COp to an axperimental perfusaﬁe
of the same fonic compositlion but which was saturated with
8C% Op and 205 COp, the responses observed uwere a3 shown in
Flgure lé. This represents a typlcal response Lo the change
in perfusste and was taken from the record of Experiment 37 be.
The complete figure ls made up of elght second sections of
the original record st time intervals whlch show sll phases
of the chasnges. 2Zerc time is the polnt of change of per-
fusate. Minus one minute shows the control condltions st
one minute prior to the change in perfusates. The one~-halfl,
one, two and three mimate sections are portions of the
record ét those resgpectlive timeé after the change of
perfusates. Since there was a change In the sensitivity of
the pressure amplifier between the one and the two minute
time imtervals, the two and three minute records sre slightly
sepurate¢ Crom the remainder of the records and o new scale
13 placed nt the right border of the record.

The response of the heart's contractility to the
change in perfusate can be seen to be qulek and well deflned.
The systolic tension decrezses sharply between the time of
change aﬁd the one-half minute time intervel. ILiastollc
tension, however, does not change with the change of per-
fusate. The twitech, or eontraction tension, thercefore,

decreases from the control value., In summary, it can te
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szid that the perfusate bubbled with 8035 Op and 2C% COg
had a negative inotroplc effect on the isoclated rat
myocardium, at the timss studied.

bipce it w11l be necessary to conslder the effect of
the change of perfusates on tension as poasibly resultlog
from chaﬁges which the experimentel perfusate caused in
other varisbles, it is desirable, at this time, to define
the effect of the perfusate change oh coronary resistance
and on rete of myoecardinl contraction.

The hesrt rate changes csn be seen, in o gualitative
fushion, by inspection of the electrogram which 1s here
inbelled ECG for the suke of brevity. By examinastion of
the interval between the peaks of electricnl nctlvity, 1t
can be seen that the frequency éf depolarization decreasesd.
T™at thlis 1s counled with o decreased freguency of contruc-
tion ulso ean be seen by noting the coupled &ecre&se‘in rate
of the tensicon twitches a2s displayed by the tenslicn transe-
ducer. ‘The chesnge in frequency will be shown in a
quantitative fashion in a subsequent figure.

The ¢hange 1n corommry resistance 15 indicated in this
record as raw and gqualitative data by the change in the
perfusiog pressufe. 48 described previously, the coronary
rasistan&e mey be expressed by o relationshlp analogous to
Chm's Law for slectrical ¢ircuits, whareln resistance varies
directly with the pressure d;fference between the arterial

and the venous side of a circulatory eireuit and, inversely,
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with the volume flow of fluld through that circuit. 3ince
the effiuvent runs off freely on the venous glde sc that
the venous pressure is effectively zero, then the change

in pressure on the erterinl side varies directly with e
chenge in coronasry resistance. This 1s true if flow pate
varles iﬁ an inverse fashion as compered to the pressure
variztions; and from experience, 1t was seen that flow rate
dai4 vary inversely with pressure. Therofore, it cen be
seen, in an ppproxinate fushion by examining the perfuslon
pressure recording, that with n change in perfusates, the
coronary resistznce first decreases and then lncreases
above the level obsarved under control conditions.

The portion of the racord labelled as minus one minute

is included to show the stability of the variables during
control perfusiocn. It can be geen that for tension the
control walues were very stable. This sort of stabl;ity
also applies to heart rate and will be shown in s quantle
tative fashion {n subsequent figures. The pressure record-
ing does not seem to have this_atabillty; however, the
control recording represented & recevery period from
previous experimental perfusion and the perfusion pressure
was still recovering. AL the time of the experiment, 1%
was ascért&ined that the perfuslon pressure had returnad to
the control level before beginning the experimental change
shiown in the recorde.
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Figure 14 shows a graph of the complete results from
Lxperiment 37 b for the changes in systolic and dlsstolic
tension ocewrring with the chmnge to the perfusate bubbled
with 80% Op and 2075 COz. Zero time aguin represents the
change {rom control to experimental perfusnte. 2This graph
shous fhe gtability of the baselines by the walues plotted
at -1 and -1/2 minutes. The perlod of no change after
initlation of the experimentsl perfusion lasts for upprox-
imately ten seeonds. This agrees well with the 8 sceonds
caleulzted in Chapter II to overcome the physical denc space.,
Tan ssconde will be used to upproximzte the dead space with
the assumption thxt this most probably includes o physiologe
ical desd space, or laotent period.

As predicted from the seiected saxples from the polye
graph record (Figure 13), the tenslon ot dlastole does not
change with the change to the experimentsl perfuszte. The
aystolic tension change 1s guick and murked, however, angd -
1t has & 1/2-time of apprexisately 12 sceonds. Since these
vurisbles reach equllibrium agsymtotlenlly, 1% Ls useful to
caleulnte the 1/2-time, l.e., the timwe required to reach a
value equal o 1/2 the eguillbriux vzlue. Subtracting the
dead spsce time from the gross 1/2-ulme glves en epproxlimate
net 1/é;t1me of 2 seconds. The L/2-tlrxes from the variables
studled will be used in later discussions as tn estlmie of

theixr possible inter-relationship.




200 %02-20 wom.B esuodsay uofsusy TeOTdAL v °*¥T1 TMMAOIJL

C ~ SILNIN NI IALL

4 | (0] |-
- M -* m ' -. Y O
0]
— ] ] m
) 10} 10 g c o 15 = 8.8 g —— M
: O] m

SWvYS NI

o
o

935 21 =3INILZ/I
NOISN3L D1I01SVIa B
NOISN3L DIN01S4S O ) - LOE

LE 'dX3




129

The systolic tension egppears to recover in the lust
two minuses of perfusion. Since the fractlonal portlons
of grams of tension were estimnted from the space Letween
two lines on the polygrzvh record, theze changes of less
than » grom in megnitude must be interpreted with cautlon.

C&léklatien of the percentage of the control tultch
tension resched by the twlteh tensien st equlilibrium durlng
the experimental perfusion, shows that twiteh tenslon
decreases to 337 of the control value.

Figuye 15 graphs the complete tilme course of coronary
resistunce chenge in Experiment 37 b. These resuits will
be dlscugssed ln more detail in the sactlion on coronary
resistance changes. However, it should be noted, st this
tice, théz the gross 1/8-time of the npparent vasodilatlone-
decreaged coronary resistznce--is 12 seconds. The net 1/&-
time obtained by subtrzcting the Gead space tlme would be
8 szeoonds. The gross l/2-time for the vasoconstriction--
ineresse in coronary resistmnce--is 75 seconds, and the net
1/8-time would be 85 seconds.

Flgure 1B also showg that the postulated method of
gulek estimation of corsnery resistance from examination
of the perfusion pressure recording, as discussed previously,
is valid.. It shiould bs noted sgaln that the corcnury system
wap still recovering froxz the previous experimental change,
as was indloxted by inspectlon of the pressure changes at

-1 ninuvte in Flgure 13.
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Figure 16 shows the complete data from Experiment 37 b
onn the effect of the experimental perfusate on contrzction
frequency. Contractlon freguency cChanges will ulso be |
discussed fully in a later section. It is to be noted, at
this time, that the dend space time 1s zgaln indleated by
a lo-secénd period of no change following the initlation
of exparimental perfusion. The gross l/2-time of the rate
change is zpproximately 50 seconds, and the net l/Z-time 1is
40 seconds.

By examining Figures 14, 15 and 16, it ccn be seen thal
if the chenges ococurring at 1/£, 2 zad ¥ minutes were
anelyzed, then 2 f£airly complete pleture of the effects of
an ezperiwmental perfusste would result. Thig wos the basis
for seleéting the ntove time lptervals us the points of
statistical =nalysis of the changes. The valldlity of this
gselaction of times was further emphnsized by the L£ihding
that the wnlues later snalyzed for the one minute tlime fell -~
on the ourve previously plotted through the 1/2, £, and 3
minute times.

In Figure 17 asre graphed the mesn changes in systolic
and disstolic tensions, * the standard error, a9 derlved
from all pr the ekperiments with this experliumental perfusate,
ero timé zgein represents the point of ¢bange from the
control perfusates bubbled w=ith §5% Oz and 8% 0y to the
experimentsl perfusstes bubbled with 80X Oy and RO CCa.

The smount of change from the control tension was calculated
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for ench of the times in every experiment, and the nean,
standard deviation, and the standard erreor caleulated for
this groupes detn. The control tenslon uged in each cuse
wog the walue for systollic and dlastolie tension imnediately
prior to the change of perfusates.

To tést tha control values for stability, changes in
tension from the zero time conirol value were caloulated
st 1/2 minute before zerc time. The mesns of these varl-
atlons, and their standard error, are plottad ot time equal
to -1/% mwinute on the graph of Figure 17.

Table 4 sumsarizes the sbove dsta for the diastolic and
systolic tension chaunges; and sdds other informetion of
value such as mezn control sension, standard devistlon,
percentage change in tension froé control walues, and p,
tne probality of such devistlions from the means resulting
{rom chance occuryences.

From Flgure 17 and Teble 4, L1t can be seen that
syétollc tension decrenses gquickly and signlficantly with
the onset of psrfusion with 80% O, and 204 COp saline.
These iasulns sgree well with the results from Experiment
37 b, the typlesl experiment previously uged to 1llustrate
this effect. Thelbehavior of disstolic tension {rom the
populatiaﬁ of haarts is slightly different, however, from
that of disstolic tension in Experiment 37 b. whereus
dlsstolic tension 4id not appear to change in Experiment
37 b, diastolic tenslon sppeors to increase sigoiflcantly
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at the 1/8 and 1 minute times when the whole group of hearts
is considered. iliowever, at the 2 and 3 minute times, no
gignificant change in dlastollc tension is 2l1sc indlceated |
in the grouped hearts.

Since both systoliec tension and dlastolic tension vary,
albsls 11£tle in the case of disstollc tension, u more
compact determination of the effect of the experimental
perfusatae should result if twiteh, or contraction, tension
18 anslyzed. Contraction tension would then coubine the
¢hapges of two variables into cbanges in & single variable.
Figure 18 shows & graph of the change in twiteh tension in
Experiment 37 b, and the sane change nnslyzed statlstically
for the whole experimental ret heart populaticn. It can be
seen that the curves both show tﬁe guick drop in twitch
tension, although they are of different magnitudes. The
curve from the population of hearts shows no indicatlon of
recovery at 3 miputes, wheress the heart in Experiment 37 b
indicates slight recovery in twitch tension begimning at 3
minutes. 4galn this must be interpreted with coution due
to the nature of the recording.

sacording to the "lasw of the heart® (GTARLING, 1918),
the energy of contraction 18 proporticmal to the mmount of
stretch pﬁt on the suscle fibers. when denling with
1solated hesrts, this mechanism bas been found to operate
a8 predicted by Starling and by msny other investligators.
The pnssible'ndherance of these isolated heert preperatlions
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to Starling's "law of the heart" was checked by sixty
stepwise changes in stretch applied to various hearts.
Figure 19 shows the guadrsant sum test for correlation
betwean the grums of stretcen and the contractlion or
twltch, tension. Considering all magnitudes of stretch
applied, from 0 to 107 grams, the quadrunt sum is < 1l.
This gives a probaebility value of C.05, according to
Tubla 1. There is a significant correlation then between
the cmount of streteh and the resulting contractlon
tension. &tarling observed, however, thebt this law of the
heart was valld up 5o & maxinum amount of stretch. The
maximam stretch for this group of isolabed heunrt prepare
stions can be resdily det&rmin@a'by visusl inspection of
Figure 18. At 6C grews of siretch, the positlve corre-
lation very abruptly changes to u negative correlation.
If the quadrant sum §s determined for the renge of stratch
from O to 80 grams (coordimntes for this determination are
tiie broken lines), then the valuae of this quadrant sum 1is
~30, or a probabilisty of less than (.001. If the ten »
rempining polnts in the rapge of 80 to 107 grams of stretch
Aara annlyzed by the quadrant sum test, then, even with such
a small number 6r points, the guadrant sux is -8. This
indicates & trend towards s pegetive correlution which iz
very close to significance («ll) even with only ten polnts.
Following the demonsiration of conformity of these
1solated hearss o the principle that the amount of ¢on-
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tracticon tenslon developed was dependent on the azount of
initial streten applled, it was reasoned thut perhups the
amount of contraction tenslon decrease, resulticg {rom .
perfusion with 805 Op and 205 CCp bubbled snlline, wWes 2lso
proporticnal o the amount of strateh aprlied. Since 1%
had alreaﬁy baen demonstrated thot the smount of contractlon
terslon depended on the zmount of inltlal gtrevch spplied
wnder control perfusicn, it seemsd loglcal %0 Lring the
correlution check one step further and te look for corre-
ation between the decrease in graoms of contractlion tansion
during experimentzl pexfuslcn ond the grons of contraction
rension during camtrol perfusion. %he tenslon velues used
were thoge prepared for the stutistlcal analysis ai times
of 1/2 snd & minutes Collowing initiatlen of the experlie
wental perfusion. The 1/2 mloute value was enosen Yo sge
if the responze correlated lmmedintely, nnd the £ minute
. walug was used to chack correlation of the vension upon
acnievement of eguilibriumw following the changl.

Figure 20 shows the guadrant sun test for correlailon
et 1/2 minute and Figure 21 shows the corirelation at &
ﬁlnutes. Foth 'igurss show o very signifleant positiva
corvelstlon between the control contraction tension and
the grems of decresse in contraction during experimental
perfusion. Therefore, the voerlable,decreas? in grams of
contraction, 1s dependent on the value of the otber variable,

granms of contraction tension durlng control perfusion.
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Incorporating these two variztles Iinto one new varladble,

the percentnge decrease of the ezperimantal contraction
tension from the control contraction tension, should give

3 more appropricte definition of tensicn change for purposes
of compagison. This exn be stated ag the following muthe-

matical relation:

% decrease in tension _ grums of contraction ygng%og decrease.
100 grars of control contraction tenslon

Figure 22 shews the graph of the percentuge decremse in

contracticn tension, and 1ts standard eryor, for the
various times after onset of experimental perfusion. 4lso
Altbough this protraycl of the data presents z» more efflicient
pleture of what happens to tension upon initlation of
experimental perfusion, nelither the significance of the

data nor the A&isplay of the pattern of change is altered

by this additionzl caleulation. Thils can be verified.by
comparing Figures 18 end 22.

Yowever, it L5 pertinent to wonder if Experiment 37 b
is atypical since the mean values for contraction tension
dacrense of‘tha population =are much smaller than those for
Experiment 37 b. -The stendard deviations for the popue
lation of twitch tension ¢hanges, at & and 3 minutes
followling initiztion of perfusions, are +2.70 and FR.86
groms respectively. Thus, two standard devistlons, 855 of
the populetion, 4o lnclude Exparinent 37 b. Thet it shows
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cne of the larger decresses in twiteh tsnsion is verified
by lnspectilon of the orlginnl data.

~ That the czlgulation of percent change of experimantal
twiteh tenslcn frowm control twiteh tenslon does muke the
data more suiltable for coamparison, s svidenced by the
locatien’of the results from Experiment 37 b in Figure 22
with respeet to the populaticn means. The standard
deviation for the population of percent decrease in twiich
tension is 12,561 at 2 minutes and 21.30% 2t 3 minutes.
This now plages ths results of Experiment 37 b st approx-
imately one standard deviation away from the populstion
means.

From the ntove demonstreted correlations of decreuse
in twitch tension %o the amount of streteh or dlastolic
tanglon, the malntenunce of a constant diastolic tension
should minimize experimental variations. ‘Therefore, in
the compurisons of the relative effects of pi versus CU,
on tenasion, the control dlastolic tensicon was kept as close
to 2 c¢onstant vzlue, 10 grams, as possible. This wvalue was
algo approxisately the mesan froam the populatlon, and guve

good results without dameging the preparation.

Hecovery from thg gffects of perfusion with S0% O
apd BUx CG» bubbled perfusste. The next loglesl question
is whether the hesrt recovers from the effects described
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in the previous seection. Flgure 23 i3 2 compositse rscoxd,
made, 235 previously descrived for the experimental perfus;on.
from the polysraph record of the recovery {rom experiwmental
perfusion in Experiment 37 b. 45 seen previocusly in the
deseription of the chisnge %o the experlmental perfusute,
the Giunstollie tenslon does not change during the recovery
process eilther. Ihe upparent change between the 1/2 minute
segment of receord sud the 1 minute segment ls due to a
difference in width of the polygrsph paper. There ils alse
a siwilsr, but smalier, difference between the £ and 3
minute segwents. Systollc tension increuses sharply znd
definitely upon return to the control perfusste.

Periuslon pregsure decreases after & very slight
incrense following inltlatlion of control perfuslion. from
this response 1t can ke #stioabed that coronary resistance
inerensss slightly and then decreasses markedly following
the Laoitizailon of rucoverye.

. Tne rete of contractior locrezses following the intro-
duction of the control perfusate. This can be seen from
the changs in density of the electrograms per unit of
récord as well sg the density of contraction twlitches per
unit of record. |

When the complete data for tension recovery in Ixperl-
ment 37 b 1s plotted, in Figure 24, {t is shown that the
recovery of tension from experimental perfusion 1s complete.

The grosa l/%-time iz 25 seconds, and the-net 1/2-tiune is
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12 seconds. That the time reguired to clear the Jead
space 13 szaln 10 seconds is shown by the time interval
with no resction after the perfusate change in Figures
24 ond R6.

Figure £5 shows the return of coronary resistance to
control valﬁes after return to control perfusate. Ihs
return to contrcl levels is accompanied by separation of
resistance into distinet portions identiflable 23 the
resistance at dlastole and the resistance at systole,

The gross l/2-time is £0 seconds and the net 1/8-time 18
1G seconds.

Figure 26 graphs the recovery of rate to its previous
control velue., 7The gross l/8~time is 44.5 seconds and the
net 1/8-tiﬁa is 34.5 zeconds. |

Figure 27 graphs the results of a Statisticnl enulysis
of all the experimental hearts se they recover from the
effects of experimental perfusion with 80% Og end 205 CCp
bubbled saline by being perfused with 95% Op unnd 8% COg
bubbled szline. Control dlastolic and systollc tensions
indicated on the graphs are the tenslons at diastole and
systols during the control perfusion perled preceding the
experimenta} parfusicn. Specifying these control tensions
indicates tﬁe degree to which the preparatlions recovered
to pre-experimental conditions. The return to contrel
levels 1s slower than the depurture from control levels

when the aexperimental perfusion was inltlated. Thig is
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zlso shown when the 1/2-times for cnset und for recovery
of aystolic tension in Experinent 37 bh are compared, £
seconds and 12 seconds respectively.

It should be noted zlso that following both the onset
and the recovery from experimental perfusion, the inlitial
chunge in £ensicu occurs very rapidly whereas the Linal
portion of the change 15 completed morse slowly.

I{astolic tension shows very little change. The
changes in dlastolic tension at the 1/8 mnd the 1 minute
tines are gigniflicantly different from the pre-recovery

values. The changes at the other times are not significant.

Geperal guestions relative ¢ the performsnce of the
preparation. Since this lsclated heart preparation included
some steps in the preparstion whieh ecertalnly sre not, a
part of the usual physiclogy of the cireulatory system..it
may be valldly asked whether or not these steps mey not
have been, in some way, directly responsible for the
résponses described. The first such possibility lles in
the portion of ﬁha yreparation consisting ¢f the pre-oper-
ative steps taken te prepare the heart. This included the
anasthetle, the heparin, snd the cold ssline Infusion. The
effect of remoﬁing all three of these steps wes snalyzed by
stunning & rat with a2 blow on the hesd (Experiment 34).

The heurt was then rewoved sg rapldly as possible wnile lcs




cold saline wes poured in the chest cavity. after cannue
latlion of the anorte, the heart wns then pluaced Ln the
perfuslon sppurstus without further trestment. Flgure 28
shows a comparison of the negative inctropic effect of the
experimentgl perfugate (8C% OL-80% COp bubbled ssline) of
all of the hearts as compareé¢ with the effect in the
stunned rst's heart. It is readily seen thut there is no
significant dilference in the negutive inotropic response
in thﬂ twar types of preparations. 4n analysis of the
percent decrease of contraction glves eguivelent resulis.
ihe determination done with the stunned aniamal |
indlcates that 1f the combined effects of znesthesis,
heparin, aﬁd eold saline infusion gré removed, there is
no change in the tension response. Further evidence that
the removal of thege factors 25 a group was not unsking
the deleterious effact of one, hed it been removed siﬁgly.
- was obtalned from experinments wherein the cold infusion:
wasg not successful but in which the heparin hzd been
injectsd. These ghowed the charscteristic negetive inotropie
effect also. The evidonce for the lack cf effeoct of heparin
1s only clrcumstantial and indireet., When the heparin was
injected, nge ECG wﬁs obgserved curcefully Lor chuanges in
rate or pattern. UDone were observed in any of the exper-
izents. Thils indicates that the heart at least supers
fieclally continues %o function normally during the infusion

of heparin. Therefore, having observed the-lack of effect
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of heparin znd the cold saline Infusion sepsrately, and
the lack of effect of the three procedures when conducted
as o unit, it is eoncluded that this portion of the
protocol d4id not eanuse the negatlive inctropic effsct of
the experimentz) perfusante.

the other non-physlological condition which night
have affceted the response to the experimentsl perfusate
w8 the perfusion at 32 C rather than at 37 C, the more
phiysiologieal temperature. 7To shalyze the effect of
teuperature, oxperiment 35 wes dome with the tewmperature
Inltially at 37 C and then the tempersture wag lowered to
3 Co Flgure 29 compares two changes to the experimental
perfusate nt 37 € with one chenge at.32 C. The squilibrium
level of twitch tension decrease 1s approximately the same
for the three experimental changes. The tenslion change at
32 C ig slower than that for the two chenges at 37 C; |
howaver, 1t ashould be noted that the 3z © wos Experiment
35 f; one of the lust changes for Experiment 35. The
later changes in an experimentel seguence are character-
isticslly slower than the sariier ones in all experiments.
I% 1s theorlized that this wes probably due to the increase
ing edemn wgth pragiess of the experiment. Therefore,
based on the ability of a neart o resch an eguivalent
equlilibriunm level at both temperatures, 1t 13 concluded
Phat the Yemperature rouvticely used for the control and

expariventel perfusions (32 C,) wus not the ezuse of the
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negstive inotronle respongse in these 1solated hearts.

The final general guestion sbout facters in the
experimental preocedures, which may have sltered or czused
the typlesl responses desceribed In the previous sectlons,
i3 the question of baselline stablllity. VaUGHAR »ZLLIAMS
{1988, founé that in nhis lsolated rabtbld atria the tension
baselines wore not stable under control conditions. Ihis
was nos z problem with the preparatlions in these experiments.
The stabilisy has been indleated by the very small and non-
- glgnificant standerd exrrors of the mezns at the 1/2 minute
times before the experimentsl changes 1n the typleal
regponse graphs already presented. Flgure 3C ghows the
stability of the recordings of the‘vériables daring =2
centrol perfusion. wWhile this record only shows approX-
imstely one minute of record, this sort of stabllity could
be seen for long perlods of time. To further insure that
control values were well defined for all experizents, each
experimental perfusion was preceded by & control perfusion

periocd of sufficient length %o anchieve a new eguilibxlum,

ihe effect of gdecresged RH yarsus increased poOs on
807 Op-208 CUp. To undertake snswering the key guestion
of the relatlve effects of dJdecressed pH and lnereased pllg,
the pH of the perfusate was changed by decreasing the
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bicarbonate concentration whille keeping the pClz at the
szmpe level as for the control perfusate (5£). The method
whereby this wns soccomplished was discussed in Cnapter Il.

Figure 31 shows sectlons of the polygrarh recording
from Exper;@ent 57. These records compare the effect of
the two types of perfusates. Slthough other factors not
yetl considered may possibly have an effect, it ozn bte
tentatively ealled z comparison of the effect of low pi
and high pClp on the lsolated heart. The left panel of
the Figure shows the typleal response to high COp (Exper-
iment 87 &) which hus slready been charscterized in s
previous section. IThe right panel is the response Lo
perfusion with 2 saline having & rqaﬁced pi without an
increased pCo,. Ihe tlme 0 is the instsnt of chenge from
the control parfusate to the experimental perfusate, and
the other times are the minutes sfter initlation of eipar-
Ilmsntel perfuslion. From the record, it can be seen thaet
the response to high COz 1s ss previously described for
tension, pregssure and rate. The initiation of perfusiocn
with saline of low pH wlthout the high CC; can be seen to
cause no large chenge in tenslon, possibly a small change
in perfusiog nressuie. and no obvious change in contraction
rate.

dhen sll of the values for tension from Experiment
£7 ¢ are graphed, the resultg shown In Flgure 3& are

obteined. This shows that there is no change in tension
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untli neer the end of the perfusion period when systollc
tension begins to decreanse slightly.

Flgure 33 shows the change in rate and the chsnge in
coronury resisiznee st systole snd dlastole with the onsset
of experimgntal perfusien in Experiment 57 ¢. The effect
on rute 1s small and yreversible, but the signiflcance of
the change will have to be determined statistically. The
chranges in coronsry reslstance are smaller ond of p differ-
ent nature from those observed by lowering pH with 2
ccncurrent inerease in pllg.

A grapn of the stabtistical comparison of the rean
valuas of systolic tension changes with the various
experimentﬁl perfusates 1s shown in Figura 4. The tension
change at pH 6.6-20% CUz 1s that previously deseribed for
the typical response to perfusion with &0Z Up and 80Z COg.
The ehange in tension, followlng trentment with low p&
wlthout the inerease in pCl;, Is very smull compared %o
that with the concomitunt increase in pCOB. Ihs sodium
methyl sulfats control vulues sre added, since, 28 pre-
viously described in Methods, 1t is used to replace the
decreased blearbonste, and a control for lis possible
vharmacologleal actian was devised rzs deascribed in Methods.

Figure 3% shows the mean values for the changes in
diastolic tension with the various experimental treatments,
Ine changes seen, when exnmining the sampled population

of rat hearts, sre zll very small for each treatment.
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This sgrees with the typical responses so far character-
ized for the two types of experimental changes.
Inble & summarizes the chsnges in diastolic and

systolic tension which ccocur with perfusion of the heart

with saline whose pH ls decreased without an increase in
pClp. Hheh coxzpared with the results of Table 4, the most
striking observation is that the decrease in pH alone will
not couse n significant decreuse in systolic tenslon,
wherens & decrease in pH in conjunction wlth an incrense
in pCO; will cause 2 striking and significant decrease in
systolle tension. Thie elsce is 1llustrsted graphieally in
Flgure 34. OClsstollic tension increasses gradually by a
small, though significant, amount;wﬁen exposed Lo a change
in pH alone, but incremses significantly only in &
transitory fashion during the first minute of perfusion
with 8O Op and 20§ COp (see Table 4). Therefore, in the
case of perfusion with 8% CO, bubbled saline with a pE of
6.8, o consideration of change in contractlon tension might
provide addisicnal Iinformstion since systolic tension
decreases siightly and diastollic tension incresses signif-
loantlye. .

The use of sadlum maethyl sulfate as a substitute for
sodium bicarbonate in the solutlon which changes pd without
changling pClUp was tested for its effect on tenslon by
control perfuslons vherein the sodium methyl sulfate

replacsz sodlum chloride (gee Methods). The results of
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thess control perfusions sre summarized in Tuble 6. It
an be seen that sodium methyl sulfste has no significant
effect on systollec or dlestolic tension.

The contruction tenslon changes for perfusate changes
L0 pH 6.8 ?Lth and without pcsg changes are shown in
Flgure 36. 7The hypothesis that the combined effect of the
inereese in diastolic tenslon zsnd the decrcuge in systolle
tenslon upon exposure to = perfusste which lowers pE would
goubine to produce a significant change in contraction
tension, 13 conflrmed in Figure 26 and Table 7. It can be
sean that contruction tension decreanses slowly und signif-
{eantly after an initial non-significont rise. The change
of centruction tension with o combinéd deersase of pi and
incrause of pCly ezn be seen from Figure 36 =nd Tauble 7 %o
be guick, werited, and significant. The magnitude of change
is mueh lurger in this casa; also it sghould be noted that
tenslon decranse reaches an equilibrium level gquickly.

Flgures 37 and 38 show that diastolic and gystolle
tenslion changes, though small and non-signifiesnt, =re
corrected back to the control values by inltiutlon of
perfuslon with the control saline. This occurs in both the
typleal response exﬁmple (i'lgure 37) and ixn the population

response (Flgure 38).
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Zhe sffect of decresged pO; on the pesatvlve inotropie
gffegt of 80% Q, - 207 £s. One of the other factors
alluded to at the beginning of the previous section, which
still might be operative in the production of the negutive
inotropic effect in the 1solated heart perfused with 808 Oy~
20% COp, &s the reduction in PG;» The change Lrom the cone
trol perfusste with 953 Oz to the experimental perfusate with
80% Cg represents a considersble decresse in Os content. This
chonge- in oxygen conmcentration does not occur in those expere
iments where pH slope decrecses since the gas nmixture used is
the game as that used to bubble the control perfusate, 954 Op=-
5% COge In this section will be described the results of
perfusion designed to determine the effect of decressed 0,
on tensiori when the pH and CO; are kept constzut, i.8.4 the
saze as during dontrol perfusion.

To produce the change in POz without o conourrent -
change 1In the other varisbles, the normal gontrol saling wa s
bubbled with a gas mixture containing 805 Og - 5% COp ~
15% Nige This introduces z new unknown, the effgct of Hg.
However, this will be considered later in this section. 4
comparison of the e_ﬁ‘act on tension of solely decreasing 1\:)2
with the effect on tension of 80% Oz « 207 CO; 18 shown in
Flgure 39. -Them results a posltive inotropic effect from
perfusion in which only a reduction in 0z has occurred.
Referring to Table 8, 1% can be Seen that this pogitive
inotropic effgc}; is statistically significant.
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Te further check that this positive Lrotropilce effect
was not 2 random peculisrity of the hesrts used, experi-
ments were done wherein both the change to low pH and the
malntenegnee of constant pl accompanied the decrease in
POgs The results of ons of these experiments (Experiment
42, 1s shoén in Flgure 40. The positive inotropic effect
of low plg ceocurs ns well 29 the usual negative inotrople
effect of 60 Uy - 20X GOz Since the perfusion with low
plg =lone occurred 137 minutes after the characteristic
negative fnotropic response, it was felt necesssry to have
some control to prove that the positive inotropic effect
had not occurred heeause of fatiguing of the preparetion.
it wes rensoned that if & negative tnotropic response from
perfusion with 80% Oy - 20% ch was ngain obtainsd et the
end of the experlment, then the positive inotropic response
was truly an effect of decreased pOz. From the negative
inotropic response at 250 minutes, It can be seen that the
preparstion had not scquired peculier inotropic character-
istics due Lo sging of the propsration. The yesponse was
slower, but it reached the same equilibrium level as that
achieved euriler in the experiment. It alveady has bsen
mentioned tgut a sl&wer tension response is characteristic
of experlgent&l perfusions as the preparation ages.

Flgure 4) comparezs the effect of low pﬁz on diagtolic
tension when it oecurs with a pH change (80% Og - 20% COp)
and without = pi change (803 O = 5% CGB - 153 Ng). 48
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praviously described, the increase in dlastelic tension
with 8C% 0p~-20% COz is net slgnificant. vwith the decrease
in p0p alone the decrease in diestolle tension 1s signif-
fcant as can e seen from Tnble &, 7This 1s the first
experimenta; perfusion which has produced s significant
decrease in diastollc tension.

The problem of the effeet of Hp which was used as a o
"filler® gas in the experiments on the effect of decreasing
POz alone must now be considered. lowever, because of the
lorge standzrd deviations occerring in the statistleal
determinatlon of the rate chuanges, 1t was declded to conduct
further control experiments. To assesas the possible effect
of Hy on rate which, in turn, might affect tension, the
heart was driven at a rate slightly faster than 1ts natural
in vitro rate; thils was usually four beets per minute.
Flgure 42 shows the result of sueh an experiment., DLespite
the constunt rate, the positive inotrople response still
occurs. s lndicated on the grapn, an additional type o:
control experiment was done in which the change to low
poz wes nllowed to occur with the hesrt beating at its
natural rate. This produced the usual poslitive inotroplc
affect. uhile perfusing with the low pOp saline, the
heart wos then driven at a rate slightly greater than the
natural in vitrs rate. This produced no change in the

tension developivent.
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Ihe yelationghin of the negative ghronotropic effect
of 80% Ds - BOF C0p o he gimultaneous nesgtlve Luotropic
effect. The negative chronotropilc effect of perfusion
with 805 Op and 20% CU, was demonstrated previously in
Filgure 16. Jsccording to the £indings of BURGEN and TERROUX
{1683 ) this could be responslible for a positive inoctrople
response. lthough a negative irmotropic response 18
observed with 803 Oy ~ 207 CUg, it was felt that the rate
effect should be controlled in order to ellminate the
possibility that decreased inotroplsm wes, somehow, the
resultant of altered rate. & serles of sxperisents was
done in which the change to the experlimental perfusate was
made whilefthe neart was driven at.a.constant rate, wnich
wus sllghtly faster than its natural rate in vitro. The
results were anclysed statistically and sre compared with
results from the previously characterized non-drlven change
in Figure 43. ¢t con: be seen from this graph that the
aeaétive inotrople effect is still present, ang that it is
of the same order of magnitude as the change in the none-
driven heurts.

The l/&-time for rate change is 40 seccnds, and the
1l/2-tize fo; the tehsion change is 2 seconds. From this
large difference between the two values, 1t seems reasonable

to conclude that the two changes are not related.
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The possitle inter-relstionship of imeressed corosary
resistapce gbperved yith 80% Co - £0% COp and the concurrent
negative chronotrople effect. A decreuse in flow rete wa#
observed with 805 Q» ~ 2C% COp and is graphed for &ll
axperiments in Figure 44, The net i/Betims for the flow
~yute chaége wias 43 scconds. This I{s much longer than the

1/2«time for the tenslon chenge, 2 seconds, &8 zhown in
Flgure ld.

4 second Bt of evidence against the hypothesls that
the change in flow roate was responsitle for the change 1n
tension cun be found in Experiment 2% b where flow rate
vwas manually maintalned constant at 3,08 nl/mimite while
chunging to the experimental porfusate. The same tension
responseAwas produced despiie tﬁé flow xate's constancye.

Ihe effect of graded pCOp changes on systolic tensiop.

From the evidence presented, it seems that the increase in
COp from 65 to 20% was responsible for the negatlive
inotropic effect which occurs quickly snd which is signif-
icent snd reproducible. It was thought that this indlcated
& very precise control on contractility and that inter-
mediate velues for COg content might produce reproducible,
intormediate decrenses in contractility. 7o test this
bypothesis, gas mixtures were coastituted in a spirometer
with oxygen kept constant at 80%. GOz usually was varied
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in 24 stepa, ung N, was used %o £111 In the remaining
voluze., The porfusctes wers bubbled for ten minutes

priqr to experimental perfusion. Ten minutes had been
found, by piH determinntions, to be adequute to achieve
squilibriun solution of gases, Figure 45 L3 a graph of

the reSpénses to and the recoveries from such s series of
chenges in COp concerirztion as observed in Experiment 40.
Due to the large number of expeximentel changes, the graph
has been divided 4into three smalloy gruphs to keep the
chengoes well separuted and distinet. EHach tenslon curve is
labelied ns to the guses bubbling the psrfussie in the
following sequence, 0p ~ C0p - Hee The 1last curve from the
preceding graph 1s repented In tpa'follawing‘graph to serve
v @ reférence peint permitting continulity of lnterprato=
Tion. The initial recovery point is not necessarily colne-
¢ldent with the last point nhowing the experimental sffect,
snd this lack of coinelidence can be resdily sSeen on soze
curves. Four misnutes wns conzidered to be zdequate to
demonsgtrate all of the lzportant changes.

I% enn be seen from these graphs that there is a
progreassive inerease in positive inotroplc response asg the
C0g i3 LnQreasea from 1% to 6%; then there i3 & graduzlly
decreasiné inotrople effeet w8 the perocntage of COp 1s
lneressed from 8% to 20% which becomes negmtiva»at 125 Cog.

Flgure 46 shows the effect of, and recovery from, 8035

Og « 165 CO5; - 4% N in two successive chsnges within
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IN GRAMS OF SYSTOLIC TENSION

CHANGE

i 2 3 4
TIAE IN MINUTES FOLLOWING TIME IN MINUTES FOLLOWING

INITIATION OF EXPERIMENTAL INITIATION OF RECOVERY BY
PERFUSION CONTROL PERFUSION

FIGURE 45. Systolic Tension Changes and Recoveries
with Stepwise COp Increases

The first number of each sequence labelling a
curve, i.e., 80-6-14, refers to the percentage -of
oxygen, the second to carbon dioxide, and the third
to nitrogen. Control systolic tension was kept
approximately constant at 90 g. Experiment 40.
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Experiment 40. This is presented as evidence thal these
changes sre reproducivle.

In Figure 45 1t c¢an be seen that the spproximote time
of maximur tension change 1s about 1/2 minate followlng

the onset of experimentel perfusion. Figure 47 shows e

compariscn of the grams of tension change at 1/2 minute
for two experizents. This sgailn indicates that the effect
of greded pCOz changes on tension nre reproducidle. 7The
dotted 1lire on this figure is = mean wvualue for the positive
inotropic effect of decreased pl, obtained by laterpeluting
between the values for tenslon change with 45 and 6% C(J;3 to
estimate the effect of 5% Clg in ench experiment. This
should equal the effect of 80% Op =~ 6% Clp - 15% Np end
should be equal to the effect of changing pOp alone., This
represents the amount of positive inotrople effect which
is imrosed on all of the sxperiwents in this serles as &
result of reduced pGQ. Tnis establisheg ¢ new bagseline at
the level of the dotted line, and any significent decreanse
from this level of systolie tension represents a negative
inptrople affect of COn in execess of the posltive inctroplc
effect of reduced plp. It cz=n be seen that at spproxiwately b
1C% COg, the effect of incrensed COp causes s net negative
inotropic effect.

The sequence of presentation of gas mixtures to the
ignlated bsart wes not 2 determining factor. Experiment 41

was done with the order of presentation exsctly revorsed
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from thut of the two exporiments in Figure 47, yel tho
tenslon changes are in the ssme direction and of the 5ume

maanitude.
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III. Tl EFFECT OF VARICUS BEXFERIMERTAL fLEBFUSATED
ON HEART RATE
ggmgggg, The acheme of presenting the results for the'
effects of perfusate change on henrt rate «will be the sure
g8 used for the tension results. The logle used in
developing'the experinental sequence, described in devall

in the section on tension, w#ill not be repested here.

Ihe Lypical zesponse to z perfusgate pubbled with 80%
O npd 203 COn. The change from the control perfusate to
an experimentnl perfusate bubbled with 8Cf Op-eCH COp and
containing 28 mi HCOz (pH 6.80) coused a decrease in the
heart rate of the Lsolated preparation. This éay be seen
in a gqualitative way by ekamlnlna the record of a typical
experinent in Figure 13. Flgure 16 shows a graph of ﬁh@
totel response for Experiment 37 b, the typical experiment.
The experimental perfusete caused o 31.70% decrease in
rate from the contrel level.

The statlstlcnl anslysis of the response by all of
the experimentsl hearts ig shown in Flgure 48 as the curve
labelled pid 6.80, go% 002. These resultas are also summa-
rized in Table ©. when both the graph and Table ¥ are
exsmined, 1t can be seen that the decrease in rate ls very
significant at all of the times apzlyzed. uhen the

decreased rate had reached an equilibriuz level, the rate
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had decrcused by spproximately 194 from the mesn contrel
rate of 203 beats per minute. The typical responze of a
31.7C% decrease is within one standard deviatlon of the

population's mean decrease.

hecovery from the gffects of perfuslon with U% Qp
and Z0% £0p. The return to the control perfusete bubbled
with €54 03-5% CCp (pH 7.40; caused a return io the former
control frequency of contraction. This is indicated by
inspection of the record froz a typleal experiment as shown
in Flgure £3. Figure 26 shows the complets recovery mude
by heart rate when the complese results from the typleul
azxperiment are plotted. 'The 1/2~tizes of experlmental
response and recovery, 5¢ seconds znd 44.5 seconds respec-
tively, are not nppreclably different. .

The statistical analysis of the recovery by nll the
hearts 1s shown in Flgure 4%. 7The O point is the mesn ‘
heart rote at the engd of zll the experimental changes to
8C% 0z-820% COp. The response by the population of hearts
slse indicates that the heart recovers coupletely from the

effects of the experimental perfusion.

Oepersl, guestlons relatlive o tho performance of kbe
preparation. The effect of the pre-perfuslon protocol on
the negative chronotropic effect of 8UR OpeB0% CUg was
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anslyzed sad is shown in Figure 50, Tne effect of the
axperimental perfusion oo the rate response by the heart
from a rat stunned by a blow on the head, is rot signif-
icantly different from thet ol the grouped responses of
those hearts uandergoing the Sotal pre-perfusion protocol.
The effact of reduced tenperature, as used in ths
routine preparations on the negative chreonotrople elfect
of 80% Op ond 2C% COg, was checked by effecting the exper-
Imentzl chenges at 37 C. Since the control hemrt rate was
higher than at 32 ¢, the percentuge decressge in rate wus
caleulsted. The percentage decreases for 1/2, 2, and 3
minutes were 10.04%, 23.91%, =nd 285.76% respectively.
This zgrees well with the values listed in Teble ¢ for the
usual response to the perfusion.with 805 Og-20% COp at 32 C.

with 80% 0o-20% C0z. Flgure 31 compsares the recorded ei‘fect
of decreased pi varsus increased plly on heart funetion in
a typleal experiment. Fate appezrs o remaln constant when
the pH is decreaseg without z simultaneous increase in pCog.
Flgure 33 shows that complete apulysls of the results
reveals that heart rate does decrease by £.5% for approx-
imately 1.5 minutes and then returns to its former control

lavel.
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Tne response of the heart populution to the effect of
pi change nlone is graphed in Figure 48. Tooers is a
decrease Iin rate which is significent at wll tipes con-
gidered. This also can be seen frow the data in Table 9.
Figure 48 indicates thut ph and Cﬁa huve negative
chronotropic effects of different magnitudes on neart rate,
with the wajor depressive effeot displayed by &0x Op-207%
COg. Sodium methyl sulfste does not have a significunt

effect on rate us shown by the curve of Flgure 48.

Ine effect of gdecressed pls on the perative chrono-
tropic effect of 80f Dp-80Z CQp. Tuble ¢ describes the
effect of deocreasing the ;onnentraticn of oxygen only, by
using an 80% Og-6% CCz-15% Ny gas mixture to bubble the
pexfusate. The decressc in rate reaches g maxloun oﬁ
£.265 which is non-significant. The 1/2 minute value
reaches the level of significance, bus the olber vulues
are non-significent. These changes may be considered non-
significent vhen compared with the much larger effeet of

805 0g-2U7% Cog.

The relationship of goentrol tension to heart rate.
The possible relatlonship between control resting {aiastolic)

tension to beart rete wng checked by increasing the

diastolic tenslon and compering the hesrt rate, after the




incresse, with the peart rate before the increase. e
tension increases were then grouped pccording to resting
tenslion and sccording to the amount of lneresse in tension;
» statisticel evaluation of ths changes showed thab the
charges in raote were ron-significant in every case. The

largests mean change was approximately B2,

Ihe pogsibie inter-reletionship of goromsry yesistonce
sné the neeative chronotropic effect. 4 possible relatlon-
ghip between the decrsased coronsry flow rate and the
dacressed heart rate iz indieated by the similurity of the
1/2-%imes for the two responses following the_lniti&ticn
of experimental porfuslon with 8C% 0g~20% CO,. Flegure 44
snows o net L/2-time for the flow rate change of 45 4ecorKis,
and Flgure 48 shows & net 1/2-time for the rate change of
27 seconds. O wore coumplete annlysisz will be made folicwing _
examination of coronary resistance results. .

snother bit of evidence indicating that s relatlooship
between rate end flow rote mey exist wes galned by exmaining
the mecn henrt rate at different control flow rates. Those
heorts subjected to mean coenirol flow rales of C.6C to
3.4% ml/mih hod e mean heart rato of 178.6 beats per minute.
Those with £low rates of 3.50 to 4.49 ml/min had o Doan
heart rate of £19.2 bests per minute. Howevar, those hearis

perfuged at flow rates of 4.85C to 9.4% ml/min had an
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equivelent mean heart rate of £20.7 par minute. Individunl
oxperiments at aifferent flow rates on the same heart showed
thnt ;ncreasing the flow rate cauvsed an increasse In rate.
This wns done in Experiments l4 and 18. Therefore, is
appears that there 1s sn optimal rule of perfusion and
decroases below that rate will result in decreased heart

rate.

The effiect of graded pCO, chunzes on heart rabs.
Figure 51 i1llustrates that & fipe control is exerted on
neart rate by stepwise increuses ip the concentretion of
carbonr dloxide. Thig effect of Cog.on rate appesrs %o be
a linenr éne. Howaver, decreesing the COg coﬁcentration

frox the control value causes an increased henrt rate.
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IV, THE EFFECT OF VABRIOUS RXFELIMENTAL PLRFUSATES
O CORONARY REGISTANCE
~ Gepersl. As previously discussed, changes in caronéry
rasistance are indicsated by changes in flow rote and
changss in perfusion pressure. Changes in elther of these
two varihbles give an indication of resistunce changes.
The evidence frowx the records will be obzervable as chaongese
in perfusion pressure. The information from the maprually
recorded flow rate changes will bs demonstrated and 1incors
perzted iato & single datum, the coronary resistance.
The units used in ell cases are dynes-ssc-cam=® x 104,
For the sske of simplicity these units will not be written
out, but will be referred to as resistance units,
The sequence of result preésntatlon will be the same

as used for tension and heert roate.

The typiesl response to & perfusste bubbled with 807
O apd 20£ COs. The change from the control perfusate to

an experizentel perfusate bubbled with 80% Op=-20% COp and
containing 28 mEq HCO3~ (pH 6.80) caused u biphssie
pressure response, This 1s very evident in Flgure 13.
First there was a decrease in perfusion pressure whiceh was
of short duration, followed by a marked and perslstent

incresse in pressure. The perfusion pressure rose Yo




£C5

levels well above the control perfusion pressure.

ihe term pulse pressure will be used in reference o
the difference botween systolle and diastolic pressure
for the sske of brevity. Although the term as used %o
upply ﬁq this prepsration hus the sawme mathsmatical
dofinition us its use 1ln the whole organilsm, no clains
ere made that the two uses sre synonymousS.

From Figure 13 1t should also be noted that the pulse
prassure decreises to zero wililk the onset of the experi-
mental perfusion.

Flow rute gives the response predicsesd from the
proassure response., When the values for {low xrute Lfrom
Pxperdment 37 b were analysed, Tlow rate Dad increased by
0.10 ml/min at 1/5 minute, but by 3 minutes, the flow had
decreased by l.20 ml/min, The control flow rate was
3. 80 ml/min. Combining the pressure and flow duta into a
registance analyslis gives the results shown In Flgure 16.
This ageln shows & biphasic change ln resistunce which ’
equllibrates st & coronary resistance much greater thun
the control reslistance. Comparing the control diestolic
resistance and the squildbriux dlastelic resistunce shows
that there has boen & 107.75 lnerease in coroncry resiste
znec. TFigure 15 also shows that the reslistonce at systole
and diastole are equal followlng experimensnl pexfusion.

Blrstolic coronsryy reslstance will be used in the

subgequent sanalyses since 1t glves much the ssme information
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a8 systolic resistance due to the decrease of systolic
resistance to the level of diastollc resistance. Further=~
worey, when the preperation is undergoing control perfusion,
and a pulse pressurs 1s present, the coronzry resistance ut
dlastole 18 not compliented by extramural pressure applied
to the Qesscls by nmyoousdinl contractions,

The statistical snalysls of the change in dlastolic
coronary reslstence, following initlation of perfuslion with
805 0,-20% 0, is plotted in Flgure 52, Here the pattern
of chunge 1s approximately equivelent to that seen in the
typloal expariment with the exespticon that the fnitial fall
in resistance is a2bsent,

Table 10 damonstrates tust all incresses in dizstolie
coronary resistance are significant. Tae 4ypleal experinent
increszse of 140 units of resistance Ls within one standard

deviation of the populstion response,

Eecovery from the effects of 80% O¢ end 20% 0o
Figuwre £3 indlestes that perfusion pressure, hence coronary
resistence, tends te return to the control level following
initistion of contrel perfusion. When the data from
Experiment 37 b, the typlcal experiment, 1is plotted as
shown in Figure 26, it can be seen that coronary resiste
ance recovers completely to i1ts former control level. The
1/S-time for recovery is 20 seconds, and the l/2«tize for
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the resisteance increuse 1s 76 seconds. Also, 1% should
be noted that the presence of & pulss presswre returns
with the return to control resistance levels.

¥hen the recovery of the grouped hearts is statistlcoale-
iy evaluqted, the mean diasvolic coronary roslstance
is 198,73 units &t ¢ minutes following initiztion of
recovery. This is In good sgreement with the mean
diastollc resistunce of 191.37 for the control period
preceding the experimental perfuslon. 4g in the typlcal
experiment, recovery takes longer than the onset of the
effect of experimental perfusion.

Senersl guastions relative Yo the performance of Lhe
preparation. The effect of the pre-perfusion protocol on
the coronary registance response to perfuslon with 807 O,
and £05 COp wius analyced ss deseribed for the other véri—
ebles. The results for the unanesthetized aniral were of
the sane biphasgic type @s those with the anesthetized
aninnls. Again uslng dlestollc resistance for comparisen,
the saquilibrium value a2t 3 sinutes for the stunned enimsl
was sn increase of 38.80% above the control value. ZThe
grouped hearts hmd ilnoressed 70.286% ot 2 minubes. One stunde
ard deviation includes the response by the stunned wcnimals,

At & tempersture of 37 G, the response to experimental

perfusion with 80 Op=20% COp wee agalin & biphesic




resistance change. The mean increase in disstolic
resistance st 3 minutes was 27.303.
Therefore, the pre-perfusion protocel did not alter

the resistance responss to perfusion with 804 02-20% = P

Ihe effect of decrensed pH versug increased pCQ» on
the gharacteplstlc coronary resistonce response. The
effect of decreasing pH only, 28 compsred with decreasing
pH and simultaneously increasing Clp concentration, is
shown in Flgure 3l. The perfusate with both the high
concentration of COp and the low pH caused the élready
characterized marked increase in coronary resistanca.
dowever, the perfusate with the pH decreass slone caused
no merked change in pressure, hence no change ln coronary
resistance. The resistance change following perfusiop
with decreased pH alone 1s graphsd in Figure 33. The
disatolic coronary resistance had increaused by 14.20%
fros the control waolue at 3 minutes. UThe response to a
decrease in pH with z sisultaneous increass in pllg, as
displayed by the left portion of Figure 31, csused a 96.70g
increase in coronary resistance. Doth parfusidns ware done
on the same heart.

The response of the coronery clrculstion te n change
in perfusate pi alone is indicated in Flgure 52 by the
curve labelled 98% Op-£tX Clpn, pH 6.80. The grouped ha&rts.
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rezponded with an increase in coronary resistance which
was significantly different from the ¢ontrol resistance.
This 4s shown in Table 10 also. HHowever, when control
experiments were done to deteraine the eff'ect ol sodlum
methyl sulfate alone, they showed 2 significant increase
in resistaﬁce (Figure 52 and Table 10).

Sinee the acurves for the effect of pi change alone
and for the affect of methyl sulizte control were not very
far epart, 1t wes considered necessary to analyze the two
groups of results to checi the possibillty that they were
not significantly different from each other. Thls analysls
was carried out mccording to the msthod for comparing twe
groups of unequel size (SKEIECCR, 1962). The response to
methyl sulfate was not signifienntly different from the
response wlth the pH change slone (p= 0.50). Therefore,
pi change slone cauged no significant chonge in coronary

resistance.

Ihe effect of decreaged 2. on the goronnry resiztance
regponse of 803 Qo-£04 Clsp. Pexfusion with 80X Cp-5i Clp-
155 By soturated ssline coused ro significunt chenge in
coronury resistance. In scven such control experlments,
there wes o decreasa in coronnry resistance which did not

gulte reach the level of slgnificance.
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The relationsbip of gertrol tsnslon bo eqronary
registapce. Experiments weke don¢ whereln the dinstolie
tension wes incrensed and the reslstonce chonge was observed.
The experiments were grouped uccording o the tenslion
increazes and shzlyzed stetlsticelly. For lncresses in
tension of 1-15 grams, the reslstsncs ¢napgs Wis non-

significant.

ine effect of yate ghepzes gn gorpnsary rgslgeance.
The poasible inter-reletlonship bst»een the negative
chronotroplie effect of 8C5 02o20£ 002 and the concurrent
churacteristic increase in coropary resistance was ananlyzed
by driving z group of hearts st a constant rate while
undergoing experimentol perfusion. The rate used wag Just
slightly greater thon the normml rate, in order %o keep
conditions ©8 nexr to control levels as possible. Thé '
pattern of coronary resistunce change was the same asg with

the non-drlven hesris.

The effect of arsded pCl, ghapees on QOIODsrY resisy-
ance. Flgure £3 shows the effect of progressively lncreasing
tire pCOz on dinstollc coronary resistance. Gince it had
been demonstrated previously that the coronury reslstance
changes hed reached equilibriua at 3 minutes, the changes
analysed were those at 3 atnutes rollowina.initiatich of
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experimental perfusion. Txperluent 40 wue done with »
sequence of decrecsing pCGz yaluee, wihereas Zaxperiment 41
followed a sequence of ilncrexsing pllz concentrations,

Up to a polint, increasling C&z concentrantion reduces coronary
resistance; beyond that point, further inecreases in Cip

concentration increase coronnry resistance.
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V. THE EFFECT OF VARIQUS EXPEBI&uthu PEMFUEATES
ON HYLROGEN AND BICAKBONATE IOW EZXCHANGE

Hydrogen lon ezchange. The mean pii of the perfusstes
bubbled with 987 O -sn Cog, &8 mkq bienrbonate was 7.3698

+0.0041 (SEH4) frow 59 determimations., The mezn pil of the
3G Op-207 COp bubbled perfusute with 26 mEq bicarbonste
was 6.8361 £0.0046 (SE#) from 52 determinations. The mesn
pH of the 954 Op-E% COp bubbled saline with 7 mEq blcurbon-
ate was 6.7978 £0.C036 (SEM) from 587 determinstions. The
galine used for control dsterminations of the effect of
sodium methyl sulfate replaecing an equivalent amount of
sodium chloride hed a mesn pid of 7.3867 £0.C08C (824).
The perfusateé pH valuea tuken at the beginning of the
sxperiment ware comparead statistic&lly with the perfusate
pH values Irom the end of the experiment and were found
to be statisticmlly equivalent in ull cases.

when the hearts were perfused with the control saline
bubbled by 95% Op-5% COg, the effluent {rom the lsolated
hearts had 2 mean pH difference af.-c.aaeszra.ocel (3E#4)
from the perfusate pH as determined by 56 expariments.
This p# difference between the effluent cnd the‘perfusate
was stadistically very significent. TIhis indlestes a
constant 10;5 of acldic substances by the heart or the
loss of bases from the sallne.

Perfusing the hearts with perfusates bubbled by &C5%
Op and 207 CCp end contalning 28 mi biearbonute caused
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the effluent to reach pi values which were grester than
those of the perfusate. The time c¢ourse of the mean pi
changes is plotted in Figura 54. The pH vulues were
grouped sccording to thelr time of occurronce. For the
first minute followlng initiatlion of pexrfusion, 30 second
intervals were used, and for sll other tiwes, one minute
intervals were used. The pi values were anzlyzed statlis-
ticslly and plotted at the midpolnt of theiy time intervals.
The ¢.0C pHA line represents the mean sxperimentel perfusate
pH vslues which were defined above. All mean pi differences
between effiuent and perfusate were statistically signif~
teant. This difference between effluent and ?erfusute
pHs was observed for as long us pine minutes following
onset of experimental perfusion. Th@ consistently higher
effluent pHd during perfuslor with acs Gg-zcﬂ Clp, indlcetes
tnst the henrt was constantly lesing baslc substances,’ or
that the saline was constantly losing acldle substances.
vepfusion of hearts with ssline contalning 7 xEg
bicarbonate bubbled by 95% Og-ff Clp caused the afflusnt
to resch & level which was copsistently and elgnificently
below the pli of the perfusate (Figure B4). ifter o minutes
the effluent pH apparently epproached the perfusate pH.
Tnis last péint is the mesn of only two determinations,
however. These pH determinstions indicate thut with this
perfusate the heart loses acidic substances, or the

perfusate loses baslic subsiunces. It should be noted that
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thiz behavior of piH is identical with thet observed during
the control perfusiocns. In both cases the galire was
bubbled with 95% Ug-tx Clo.

The saline used to check the effect of sodlum methyl
sulfute slope was mede by replacing 21 mig of sodium
chloride wiéh £1 mig of sodium methyl sulfate. This saline
wa3 bubbled by 955 02-5% Cogze The pi difference betueen
perfusste and effluent waa equlvalent to that observed with
ths control perfusate. The effluent pH was conslstently
and significantly lower than the perfuzate pH.

liecovery from the gxperimental perfusions was complete
in all coses. Hecovery from perfusion by the low bicarbori-
ate (7 m3g) saline bubbled by 95% 0p-54 COg was. complete in
approximatély 1-1/2 minutes. Its Approxim&te 1/2-time was
1 minute. Fecovery from perfusion by 80% 0p-20% COg bubbled
sallne containing 28 mEq bicarbonate took much longex,
however. Lecovery was not cowplete antil zoproximstely
g.1/¢ minutes following initiation of control perfusicn.

Its 1/8-tize was approximetely 3 mlnutes.

2icerbonste ion exchange. Slnce the perfusacte-eif luent
pH differeance eould he dus Lo pilcarbonate lon exchange,
bicarbonnte concentration determinatlons were done on the

perfusate and the effluent.
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The previously described method of blcurbonnte detexre-
minstion wag vsed in an attempt ot detection of bicerbonete
fluxes. The milliequivalents of ﬁCDg'saineé or lost by the
effluent from the perfusste concentrstion level, was
caleulated for esch effluent ssuple nnslyzed. The resulis
were grouped according to whether the samples ol effluent
were taken cduring control perfusion with 98% 0pg-5% CUp
bubbled suline, or during experimental perfuslon with &0%
Op-2t% CUp bubbled saline., ‘These two groups of resvlis
were enslyxed stantistlezlly.

The 89 effluent samples collected during conirol
parfusion of the hearts were found to contnin a mean increase
of 1.34Y *0.216 (SEM) mEg/liter of bicurbonzte. The
effluent collected during exyeximeﬁtal perfusion (¢
samples) demonstrated 2 iean incrense of 0.76¢% *+0.818
(SE}¥) mBq/liter of bicerbonate., The incresse during qontrol
perfusion was statisticslly significunt, vhereas thet durling
experimental perfuslon was not.

& gtatistical comparison of the biearbonate gelined
guring control perfusion with thet gained durlng experi-
mental perfusion showed that the two were not signiflenntly
different. .

Interpfetations from these results must be made only
with extreme caubtlon since errors wora introduced by the
required storage of the samples. lesplte storsge at low

texmperatures, there was evidence of blesrbonate concentration




changes. Those changes could nave been effected by Clg
igss frowm the sample, coupled with mebabolite production
by o growing microorgunisn population. ime glucoese in
the perfusate sphanced the grouth of wlcroorgunisms even

under refrigersted conditlons.
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vI. 4L EFFECT OF THG PEBEFUSATES
ON POT-SSIUM iRD 80DIUM BACHANGE

General. There 15 evidence that posassiux moves into
cardice tissues during prolonged respiratory aclidosis
{(YOUUNG et al, 1954; BEOWN and MOuLEH, 1§60), anc that
potasaium léaves the myocardium upon reverssal of resplratory
acidosis (LALE and BROWN, 1963; BROWK and HOwLEW, 1860J.
Tnere is evidence alsc that the transmembrane distribution
of sodium and potassium may be determinants of vascular
smooth muscle tension in the rat tall vessels (FRIEDMAN et
al, 1963). This also might be the case in the vegsels of
the coronary systenm.

Lvidenca of pobtassium and sodium lonic exchanges could
serve as the functlional connectingillnk between myocardisl
tonic fluxes and vascular smooth muscle tension changes to
form & unified hypotnhesis of the lnterrelationship of thelr
function. For this reason, the analysis of sodium and

potassium in the various selutions was sttempted.

kesultg. Sodium and potassiua conceatratlions were
determined by flame photometry according to the methods
previously described. The ssziples used were the same a3
for tne blecurbonste determinations. The results were grouped

as dezcribed for the bicarbonate determinstlons.




[uring perfusion with saline bubbled with 957 Og and
5% COg bubbled sallne contalining £6 mEq blesrbonate
(pH 7.40), the effluent showed a meaun increase of C.07C *
0.050 (SEd) mBq of potassium per liter, which wuzs statis-
gically non-significent. In the same effluent, sodium
showed a mean decremse of 0.48C * C.779 (8E#) mig/Liter.
Tois decremse wus slso non-significant.

Wnen the heart was perfused with B0% Op-20% Clp
tubbled saline containing 28 mEq/liter of blcarbonate
(ptl 6.80), the effluent showed 2 mean increase of C.060 =
0.035 (SEM) mEq/liter of potassium. Thls was a significont
increass. In the ssme effluent there was n mean lncrease
of 0.386 * 0.312 (8EM) miEg/liter of sodlum. This was a
non-significant change. ‘

A statistical comparison of the sodiuvm concentration
changes during control and experimental perfusions wug CalX=
ried cut. This showed that the c¢hanges wers not aignif-
feantly different one from the other. The same analysis

was done for potassium with the same results.




Ci AVTER IV

DIBCUSETON ARD COKCLUSICRS

To THE ISOLATED HESRT PREPARATION

The heart from en snimal stunned by a blow on the head,
responded to experimental perfusion in auch the same Zanner
a5 A1d the nearts from snimsls subjected to heparinizaticn
ond cold Ssline infusion. Tnis roises the guestion of the
vzloe of the extra time end experimental coumplexity result-
tng from the utilizatlion of thie method.

ahen hearts were not preparcd.by heparinization and
eold ssline infuslon, there wss evidence that the resulting
praparation was of poorer cuslity. CUpon opening the .
thorneic covity, the vigorously bentlng beart had s mottled
appearsnce, Tnls seemed to be the result of ceagulated
blood. sith the completion of canmulation, the heert
usually had stopped besting and had to be started by
sgueesing when perfusion was initinted. These hearis
charzcteristically falled more rapidly thun did the prepsred
heaxrta. |

Hearts prepsyed by the hepurinigation-gold saline

infusion gdegnance wers opnlescent whan expoged nnd showed




224

no evidence of residusl blocd. These hearis inttlates
strong contractlons immediately upon perfusion with 31 c
saline. &t the end of experiments, the prepered heuarts
consistently dlsplayed sirong contractions., 1t was cone
eluded thot & better preparction resulted when {solation
was preceéeé by the haparin-cold snpline sequence.

Another question of ioportance concerns the degree of
pnoxis which perfusion imposes on the preparation. FISHER
and WILLIAMBON (1961) reported thnt the meap oxygen uptake
(ngl of isolated ret hearts perfused uwlth kpebs-bicarbonate
madinm, with or without glucose, was 43.2 F liters Op/mg
dry wt/hr ot 38.56 C, Frem this determinetion sné ancther
at 36 C, they celculated a Qlc of 2.3 for oxygen uptake.
Their calculated oxygen uptoke agrées wall with & calcu=~
istion for a similer preparation by CHALLONER and STEIRBERG
{1968). _

Using Fisher and wWilllamson's temperature coefiiclent
and axygen upbake values for 38.8 C, the oxygen uptske for
1golated nesrts at 31 C was calculated using the vantt Holf
Equation for Qg (GIESE, 1962). The calenlated oxygen
uptake for hearts at this temperature wus £3.687 / lltvers
Op/mg dry wy/hr. The mean 4ry welght of the experimental
hearts was ilc wg. ITherefore, the mean oXygen regulrement
of the experimental heartsy was 2.6C w1l Og/hr. This waa
compared with the oxygen svalleble from the perfusing

solution. The oxygen available dapends on the gbgorption
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coefficlent for oxygen at 31 £ (C.C20V4 =l Op/ml HEO)
(GIOLGMAN, 19B0) and the flow raie through the coroun=xy
girculation. Using the meun flow rate during contirel
perfuslon, 3.15 ml/wmin, the mean oxygen supplied by the
¢85 O gatursted solutlon wes 4.3%6 ml Op/lix. Therelore,
this exceedé the calculnted reguirement by = confortable
margin.
verfuslon with &C% 0p-8CK CCz suturated seline
represents n decrease in oxygen concentration and causes
n secondary decreass in coronury flow rate. Using the
mean flow rate under experimentel conditions (2.5C ml/min)
snd esleulating oxygen sbsorption based on the pressnce of
&0x Op, the experimentzl perfusate provides 3.2537 mi
Oq/hr ”his also exceeds the C&lculct°n requlrenent.
Slpce contractility decreases durlng expeyizental perfusion,
1t i& ressonable to assume thst the myceurdial metabcliq
requirements slso decreasze. This further lncrewsses Lhe
safety mergin of oxygen = s1lable to oxygen regulred.
ZACHAFIAM (1961) caleculsted that rat nearts pexrfused

with saline saturated with 83 Op et 37.5 C, required &
flow rate of 5 ml/g wat wt/hr. Using the tenperabure
coerficlent of 2.3 ylelds n cnleulated flow rate require-
mant at BL-C of 2.910 ml/g wet wt/hr. The mean vel welght
£ the experimental rat hearss used wWaz l2ss thau a gramz,
therefore, the [low rates empleyed provided adegualte

oxygen by Zacharish's eriterion also.
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Thus it may be concluded that the oxygen requirement
of the perfused hearts is satisfled by perfusion sellne
gsaturated with 95% or 80% oxygen.




II. TESSION

Increased csrbon dloxide concentration caused 3 iapid
and proncunced decresse of contraction tenslon. The
deerease in tension from a pH change alone was much smallex
and slower in its development than was the tension change
from COg. This would sppear to reflect carbon dloxlde's
wvell krnown ability to penetrate pembranes repldly, And
blecarbonate’s less easy penetration. This spparent corre-
lation between the tension resgponse and the abillty %o
penetrate membrones suguzests that the effect on tension is
exerted intracellulorly.

nssuming thet the effect on tenslon by 002 is axerted
intracellularly, is this control effected by carbon dloxide
as the moleculsr entity oi 1s it effected by the resulting
hydrogen lon concentration increage? 4n examinatlion of
tensionts response Lo an sxtracellular vlearbonate coﬁcen-
sration decrexse may provide some indirect evidence con this
gquestion. .

shen blearbonnte concentrzticn 1z decrassed in the
perfusate, it is reasonoble to assume thet =2 decreased
blecarbonete concent;ation also results in the extrzcellulsr
space., AS was previounsly gisenssad, the sejerity opinion
is that muscle cell membranes oIe practically frzpermeable
to biesrbonate lons. However, »DLER et al (196% &, b)

have concluded from their experlments with the rat disphragm




that these muscle cells display s smell but slgnificant
permeabllity to blcarbonste. The very slow decrease in
contraction teasion, when the only variable changed was
extrecellular blesrbonete, indicates that myocardlal cells
alsc are permesble to blcarbonate. Iuring ecantrol
perfusions Qlth 28 nEq bleorbonnte, the intragelliular
bicarbonate concentration would tend to equilibrate with
the extracellulsy blcarbonste concentration. Consaquently,
whenr the experimental perfusete gontaining 7 mig blcarbone-
ate replaces that contalning 28 zBg, an outwerdly directed
concentration gradient for bicarbonate 1s established. 48
the blcarbonate leaves the intrscellular compartmsnt, the
pH of that compariment decreases. as the intrazcellulsr pH
decreases from biearbonute loss, tha tenslon response
approschss that observed with increased intraesllular
esrbon dloxide concentration. Since the common reguirement
to 2 tension decrease in both types of perfusion is an
intraceliular hydrogen lon concentration lnersnse, 1t woulad
appear logleal to conclude that tensiocn changes are medlsted
by intracellular piH chenges.

The possibillity exists that the extyncellulnyr hydrogen
fon concentraticn affects myocarcis] tension development.
when ex tracellular hydrogen ion concentration is increosed
by carton dicxide alone, there is = repld decrease in
tension. However, when extracellular pH 1s degreased by

s blesrbonate deerease alopg, there ls only a slow decrease
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in tension. Zxtracellular hydrogen concentration increases
sre present in both cases, yet tenslon decresses rapldly
only when COj; alsc is ineressed. Therefore, increaged
extracellular hydrogen lon concentration does not appeér to
couse decreased tension, and the evidence indlcates that
it ia the intracellular hydrogan ion concentraotion change
which ultimetely nrlters tenslon.

what is the locus of ineressed intracellular hydrogen
ion concentrationts effect on tension? These experiments
provide no evidence a3 tc the mode of actlion of intra-
cellulsy pH chenges. However, observations by other workers
indicute that & controlling effect by pH changes is
fensible. CUBUIGSON (1954) considersd it possible, as a
regult of his study of intrgcelluiar p¥ changes, that
molecular resrrangements which scecompany shortening may
produce changes in the hydrogen ion concentration. Con=-
versely, it may be reasonad that hydrogen ion concentration
ehanges may produce moiecul&r rearrapgerenss which, in turn,
slter the degree of shortening. It 1s also rossible that
enzymes, critical tc energy lliberstlon or utilization,
respond to & departure from optimum pH by decressed
notivivy wh}ch, in ‘turn, results in decreased contraction
'tension. .

Keither experimentsl perfusste esused & significant
change in diastolic tensicn. Therefore, Lt would appesy

thet the effect of intracellulnr pH decrszses are on the
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mechanlisms of contractlon tenslon developxent und not on
thosa of resting tension maintenance. This suggoests that
the effect of intracelluler hydrogen lon chaonges msy be
on the energy releasing or utilizetion mechanisms pather
then on molecular rearrsangements resulting in shortening.
15! exﬁet and raproducible control of contraction
tension was exerted by stepwise increases in (U, concen-
tration. Increasing COp by 2% steps from 8% to £C{ caused
contraction Sansion to decrecse by reproducible and
significant increments. The leck of significuant tension
deoreases, when COg conceuntration is increased to the 8%
and 8% levels, may be due to = maeking'of the negative
irotropie affect by the pcsitive inotrople effect of
gecressing the ozxygen concentrati&n. The effect of
redueing oxvgen from 955 to 8085 will be discussed below.
That the negative inotropic effect of increased COp
concentration wae not the result of concwrrent negative
chronotropic &ffect, w»as dewonstrated by usling hearts
driven ut consient rotes. The characterlistlec regatlve
irotropic effect of increused COS concentration occurred
despite the maintenance of a constsnt rate.
 The dipsimilmfity of the 1/2-time of earben dicxide's
negative iﬁotroyic effect compered with the 1/2-tine of
the coronary resistance incresse indlcates that the two
events zre not relsted. This conclusion was supported by

experiments wherein rlow rabe was manually kept constanty




increased carbon dloxide ageln bad o negative inotvrople
effect.

The posslible elffect of changing the concentratlon of
¥y and Og In the gas mixtures saturating the salive was
tnvestigated. From ladirect evidence, it was concluded
that Np, wnich was used =8 a filler gosg, did nodv anffect
tension development. Ihig sgrees with the concluslon of
FENGA et al (1965). These authors reporsed tnnt the
soimulant efiect of hypoxia peraisted, in igolated gulnea
pig atriz or cat paplllary muacles, when nltrogen wus
replaced by hellum. _

The incressed contractica tension pbserved with
decrensed oxyg n concentrution has nlso been observed by
BiaN and BQHR (1938) in frog 3Heletal magele, by rERNL el
al (1965) in isolated¢ guines plig atrle and cat paplllaxy
puscle, and by 50#MA et al (1565 ) for the dog heurt-lung
preparatlon. [isgtolic tenslon decrenses signifiCautly'
with decrecsed oxygen concentrstion. Since dlnstollic
tension decrenges were not nresent with pil or pCly changes,
s different mechsnism for the oxyfen ef’fTect 18 indlented.
aTADIE ot ol {1944) consldered tbat the effects cf higher
toen optimum oxygen was most likely due to depregsion of
enzyme activity. Pesn znd Bohr also concluder that oxygen's
effect may be on certaln enzyme systenrs. The exveriuents
reported here do not provide evidence ns to the site of

oxygen's effect. The positive lnotropic egfect of decreesed
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oxygen may be an important stivul

gy

Nohd A

to incresnged curdize

putput durlng hypoxia (PENN: et sl, 19657.
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I1I., HEART RATE

Increzsed carbon dloxide concentration and decressed
pE both decrease heart rate, however, ine affrect of incressed
COp 1s much grealer than that of decrexsed pie The negative
chronstropiE effect of caorbon dloxide is slower than its
negative inotropic effect. The net 1/2-tise for the tension
deerecse is 2 seconds, whereas the net l/2-time for the
rate decrease 1ls 27 seconds.

It i3 tempting to attribute the delay in the appearsnce
of the negatlve chronotrople action of carbon dioxide %o the
time reguired for tha release of & chemical medistor. uch
g substance could be acehylcholine which has been shown to
be plentifﬁlly ané persistently prGSent in the zino-atricl
node avea of Lsolnted rat hearts (VIK and TUCEK, 1664).

That & very small concentration of acetylcheline (10'15.to
10~8 g/ml} was ndeguate to produse a profound negetive
chxronotrople effect on perfusec frog hearts was shown by
TOYD and PATHsAK (1965).

The lerger delay regqulred for the chronotropic effect
to appeer than for the inotrople affect haz a more basic
explapatlion, nowaver. The rnt hesrt hag » dusl blood supply
(SaLPBLH, iés?). The striu sre supplied almost wholly by
the cardisc branches of the cardlomedlastinnl arteries
whick arise from the right internal mammary artery. There-

fore, perfuslon of the coronary vessels through the sorie
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does not provide an Intimate supply of saline to the sino-
atrisl node. Hslpern has shown that 2 few terminal branches
of the right coronzry artery do approsch the region of the
aino-atrisl node, but they do not supply tnis area at all
thorovghly.

Therefére, the delay in the sppearance of the negative
ehronotropic sffect Ls most probably due to the longer
diffusion pethwsy which the experimentul perfusate must
travel before reaching the pacemaker cells. Since no direct
perfusion of the sino-atrlal node occurs, the perfusion fluld
must resch the cells by diffusing through the wall of the
atrium after igsuing from the coropary sinus,. or by diffusing
toward the node from the few, and foirly remote, branches
of the right coronary srtery. .

These experiments cannot distinguish whether the effects
of 002 affect the pacemaker cells directly or affect un§a~
generated nerve endings which, in turn, release acagylcholine .
which causes the negatlve chronotropic effect. Agaln some
indirect evidence mey be glesned from the varioug responsese.
The negative chronotroplc response of the pacemaker cells
resembles the negative lnotroplic response of the myocanrdiel
cells: Both cell types give o quick and warked response %o
the presenée of increased cnrbon dioxide, but both cell
types give a slower and smaller response to decreased bicar-

" ponate (decrease? pH). The response by both cell types to
graded pCO, changes 1s vary similer. Based on the similarity
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of respons# and the similarilby of ultraszsructure (fuiGDiW
et al, 1961) of the myocardial and puceisaier cells, the
nypothesis thet CGy acts dlrectly on %he pacemaker cells
may be justified.

sgsuntng thut the csrbon dioxide affect is exerted
direcily upén the pacemaker calls, 1ls there an lonic busis
for guch a control? The Lonlc basis of excitutlon as
developed by Hodgkin and Huxley (AOPGRIN, 1851} can be
applied to heart muscle with very 1ittle modificztion
(HeCiP, 1865). Applicatlion of trhese concepts Lo pacemaksy
function and to the evidence obtalned in the experimenss
reported herein may provide =2 reasonsble explanation for the
rnte alteratlons by 008 or phHe

HECHﬁ.(lQGB) concludesd that the characteristic gradusl
depolarisation of the cell membrunes in pacemsker Llssue
Guring diustole, depends on f high resting sodlum curreqﬁ
and & gradusl increase in the menbranest rasistance to the
passage of potagsium ions. HUTTEE and KCBLE (1861) reported
that mammelian Furkinje £ibers werce permeable 1o chloride
and thot zbolition of the chloride current slowed the rate
of depolerization during dlastole snd the rate of repolers~
fzation during the platesu phase. These suthors slso
reported tﬁét resting csrdizce fibers, snd presumably pacensker
fivers, have s smaller chloride current then do skeletal
masele fivers. They concluded that this saaller chloride

current of cardisc cells makes them more sgpaitive to




changes in catlon permesbility. Inerefore, factors altering
heart rate may operate through effects on chloride, sodiun,.
or potaselux permesbllivy.

HODGKIN and LBUXLEY (1952) demonstrated thet the scdium
canductancg of the zyuid axon membrane decreased as the
ragting menbrsne potentisl decrsased. HEIDNAN (19856)
reported that in sheep Furkinjs fibers the amount by which
sodivn permeabllity ilncreases auring dapolsrization gimilarly
depends on the value of the potential difference which had
been acting on the membrane btefore dapolerilzation. sre
icnlc conditions established, in the isolated rat heartg
experiments hereln reported, which could cause depolariza-
tion of the pucemaker membrones and é eonsequeﬁz decrease
in sodium conductance?

4 smoll permoabllity to bienrbonnste was postulsted
frois the slow development of = tension decresse in thé
presence of low bicaorbonate {7 mEq). This was in sgreement
with the findings of ALLER (1965 a, b) in sksletul muscle{
sssuming thut pacemsker cells zlso exhilbit n small perme-
abllity to bicarbonate, the slow development of & negative
chronotropic effect in the presence of & perfusing solution
with low bigarbonaté should be related to Ilntracellulaer
blearbonate loss. With a lower concentyaticn on the outside
of the cell, the aiffusicn grudient should promote the loss
of intracellular blcarbonnte. Ais intracellular blesrbonzte

13 lost the pocemsker cells are depolarized: .is discussed
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above, a deoressed resting meambrane poteuntizl decreagses
sodium ¢onductance. Lecressed scdium conduchtaance then
results in a slower development of the pagamaker prepos~
tentisl and a slower repolaxizstion,

zhen the evidence for chloride's contribution to the

depolarization leadisg to the developmant of the pacemaker
prepotential is coupled with evidence for & pil effect on
chloride econductance, as shown by BROCKS and [UTYER (1962,
1964), & hypothetical basis for curbon dloxide's negutlve
chronotropie effect may be developed. Brooks znd tulter

dewonstrated that raducing pH by s TiHaM bulfered solution

caused a decreazsed chloride current tihwough skeletal muscle
fembrans. :If this Ilnformation 1s.lihked with the findings
of HUITEH and RUEBLE (1961l), that cmrdiac tissue also
displays a2 pernmeablility to chloride, the extrspolation that
a slmilar mechuanism of affect could caxuse the negativé :
chronotrople effect of COp appesrs toc have velldity.
Erooks end dutier postulated that o channel Ior chloride
exists in the membroge which is opensed wide at & bagle pi
but which 1s nlimost ¢losged as acldie pi values. Thls
sgrees with the descrintion by IECHT {(186E; of a "tighter®
membrene in an ncid maedium. HECHT apd HULTER (1964 reported
thut rise time unnd repolarisgatiosn of Purklinje fibers wus
suppresged by sovlutlons with decrseased pH.

CUOFABURUF and BOISTEL (1983, reported thab increxsing

COp reduces tig cardiac resting potentisl. - This would
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Couse o decresased sodium conductance zs discussed above.
Therefore, it 1s possible that earbon dioxide reduces rate
by 2 double effect--one affecting chlorlde conductance znd
one affecting sodium conductance.

The evldence frow the literature provides a basis
whereby both molecular CCp and pH may csuse rate dearemses.
The difference in magnitude of the CCp and pH effects
reported here for the isolated heart experiments remain
to be explalined,

A8 previously discussed, the diffusion pathway between
the neuarest eapillary supply and the pacemuker tissue must
ke long in the isolated heart of the rat, due to the dusl
blood supply. Carbon dloxide’s ability to diffuse raplidly
would permit 1t to reach the site of ius effect mors
quickly than the less mobile blcarbonzte ion. This‘would
partially explain the difference in rate of onset of the
negative chromotropie effect. Lowever, even allowing .
additional time for the extracellular bicarbonate concen=
tration to reach the nsw equilibvrium levels, the negative
chronotrople response with 7 mig bicarbvonate (pH 6.8) glves
no indlcation of & marked rapid response such as is observed
with increased CGQ. Thls suggests that the rete Limiting
fuector way be o semi-permeable barrier--the pecemcker ¢ell
membrang. Tuls would further argue that the effect of pi
or COp on lonie conductance £8 exerted from within the
pacensker cell membrane. Curbon dioxlide, with its cupacity
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for rapld permestion of membranes, would Sthen exert its
effect more rapldly than extracellulsyr hydrogen lons or
bicarbonate lons.

H4¥RIS (18965) eoncluded that the sensitivity of chloride
conductivity to pH changes, und to anion concentration
cnisnges, indicated. that chloride movement was, in part,
controlied by pussage througb an ion exchunge reglon.

Borrie further postulated that s pH reduction increased
the number of catlonlec steps in the path of chloride through
an amphoteric substance such as protein. This hormonizes
well with the above developed hypothesls that o semlpermsable
barrier favers the more rapld effect of COB' providing thut
1t 1s further stipulated that the effect of COp is by way
of the resultant hydrogen ion increass. ITherefore, it seens
reasonable that COp 1s able to diffuse quickly through the
pacemaker cell membranes, and inoreases the intracellﬁlar
concentration of hydrogen and bicarbonate lons. The newly
sxrrived nydrogen lons ars taken up by proteins with the ‘
resultant formation of more cationic steps in the chloride
pathway. This increases ths membranes'! resistance to
chloride which decreases the rate of disstolic depolurizution.
ihe cperation éf the negative chironotroplc effect
aecoxrding to the above discusgsd lonlc mechanism, would
leave an intracellular excess of bicarbonate after the
proteins Imuoblllize some of ﬁbe hydrogen ions. This intra-

cellulsr excess of blcarbonate ifons could then additiovnally
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contribute to the negative chronctrople effect by decreasing
the resting membrane potentisl as previousgly discuseed.

The operation of the CUp effect on rate fron within
the cell by wsy of & hydrogen ion incresse, wWould explein
the observed slower response to sn extracellulur pi or
bicarbonste ion concentration change. Doth the hydrogen
ton and the blcerbonate ion can permeate wembrznes more
slowly and conseguently, could only alter intraceliular
nydrogen ion concentration mora slowly than Cls. Once the
hydrogen ion concentratlion changed, the sites whlch add
steps to the chloride pathwsy would begin thelr effect on
chloride conductnnce snd rute.

Sore ldez of the time required for & large non-perme-~

ating fon to reach the pacemeker cells can be gleanec from
the experiments with the sodiux methyl sulfate control
perfusate. HUITEE and KUBLE (1961) found that replmcing
chloride with methyl sulfate caused an irltisl transient
rositive chronotropic response. This rate increate wag,
socording to the authors, mest iikely due Lo the flow of a
depolerizing eurrent which wss, in turn, duc to the repiuce-
ment of sowe of the'axtrﬁcellulﬁr chiorlide by the non-
permeating nethyl sﬁlfate anione. This lnitisl depolurizing
current sxceeded the natural depolarlzing current asnd
thereby incressed the rate. [lgure 48 shows that in tne
isolated nenrt zn positive chronotrople effect 15 also

exhlbited at approximately 2 minutes Tfollowlng onset of




perfusion. sSubstracting 3 minimus of 10 seconds for clearing
the dead space of the saline dlstribution system lndicates
thut spproximately l-1/2 minutes msy be required for the
golution with the new fonic speciss to resch the pacemaker
cells,

HOKFHMAN and CEANERIRLD (1960) concluded that GOz bad
the same effeet on iurkinje fibers as on the sino-atrial
node, Thisg links the lLiterszture Lindings relutlive to
Purkinje fivers with the postulated pucumaker effacts.
Conversely, & similar mode of actlcn of the expsrimentel
perfusates or the conductile elemanitsz of the henrt adds
another locus at which the negative chronotropliec effact
may be effécteﬁ. .

#ithin the range of tension changes cbzerved a3 resuls-
ing from the experimentul perfusstes, the negaﬁive inotrople
effects could not have cauged the negailve chronecrepic
affacts.

The previously described minisum [low rate o achiavé
optimum heart rate appesrs te be a logleal cocaseguence of
the dusl circulation to the heart discussed above. Since
the giffusion pativeny is guite long Lfor the pacamoker cells,
& minfimel flow raté s regquired to malntalis the coucen-
tration gradlents for oxygen diffusing to the cells and
carbon dioxide diffusing away from the cells. Eoth
ircdequate removal of cerbon dicxide and inandeguate supply

of oxygen could‘contrlbute to slowing the funcilon of $he
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pacenaiker.

The 1/Z-times of flow ruate chmnge and heswrt rete
change were previously deseribed as being of the same
order of magnltude, hence 1t was tentatively concluded
thet the two parumeters might be relsted. uhen coronary
resistance was caloulated, the 1/8~-times became signifiemntly
different. The net 1/8-time for corsnary resistunce
Incrasase s 57 seconds while that for rate 1ls 27 secornds.
Therefore, the heart rate decrease 1s not deperdent on

the coronary resistance increase.
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I¥. CORONAHY RESISTANCE

- when the perfusate was seturated with 2C3 ch, a
marked end persistent coronary wvansoconstrietion occurred.
Taking account of the inherent vagoconstrictive effect of
sodium methyl sulfzte, lowering pil to an equivalent level
without increasing the pCGB caused no significant chunge
in coronary resistance.

The effect of carbon dloxide was cbserved, in the
typicnl experiment, %o be biphusie. However, when sll the
experiments were grouped together for annlysis, the inltianl
decrense of rasistance was not apparent. Since the sampled
response wag at 1/2 minute follow&mg‘initiaﬁioé of per-
fusion, the maximum decrease in coronsry resistunce wag net
alwsys sampled due to its short duration. .4 check of the
individual records revealed that only CG.53% of ¢he resiste
ance responses did not show an initisl degrease.

The biphasic response of coronary reslstance czn he
related to the dual action of GOz on resistance as
denonstrated by the resulls of graded Gﬁﬁ inereanses. 4%
lower concentrations carbor dioxide has s vasodilatory
effect, but, st approximstely 18% the vascdilatory effect
changes to a vasoconstrictor effeet. Therefore, the biphasie
respense is possibly due to the expsrimental saline
equilibrated with 20% COp replacing the control saline
equilibrated with 8% COg. &S this nhamppens, the COy




concentration lncreases and passes through its vasodlla-
tory spectrum before r2aching maxioum ssturation and
expressing its vasoconstrictive eficets,

shat 1z the slte of carbon dloxide's effect on coronmry
rasistence? 1The observed effect might result from the
imposition of extramursl forces on blood vessel walls,
from swelling of capillary endothelisl cells, or frox an
intrinsic effect of carbton dioxlde on smooth musele cells.
Increased extramural pressure on the blood vessels, imposed
by an iscrease in dlastolle tension resulting from increased
CCy, wes lnltlally postulated as a mechanism of cororary
resistonce increase. This possibility was eliminated when
diestolic sension was shown not to chan@e signiricantly
with inerezsed CGE.

Swelling of endothellsl cells due to sltered membrane
permezbllity in the presence of Clp could account for:tha
increzsed reslstance. The permasbllisty of endothelial c¢ells
might be sc altered that the volume of extracellular fluld
inereased to sueh & peintg, that extraspural pressures wore
applied to the walls of the blcod vessels, with 2 resultant
resistunce increase.

The po;sibilit& that the resistsace response 1s due to
permeablliity changes causing either endothelial cell swelle
ing or inersased extracellular fluid pressure, cannot be
élrectly elisinated by these @xperimonts. Uhere ura

ckagervations which argue sgainst thls sort ol ceontrol,
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howaver. The biphasic response to increasing cog
concentrations tends to indicute a sensitive cellular
control mechenism imposing its effact on coronary resist-
ance. The rapid recovery of resistance with return to
controllevels of COp nrgues agrinst & process dependent
on diffuaion alonme. also, if an incrense in carbon
dloxtde concentration caused sn incrosased permeebility to
the saline, then conversely the decrease in cnrbon dloxide
concentratisn should decresse permeabllity. Thus the
£luvld would be trapped in the andothellal cells or in the
extracellulnr spaces and recovery would be a very slow
process.

Therefore, 1t is reasoned that ihe preaiaé natuxre of
the control exerted by 008 on coronary resistance is
evidence for control by wvasculor smwoth musele. The logleal
locus feor this control would be the smooth musecle celis-or
the artseriolss.

| The action of carbon dioxide on corcnary reﬂistance,'
herein demonstruted, 18 reminiseent of its znction on
resplratory contrel 23 discussed by GHAY (1949). Increngse
ing carbon dloxide incresses resplration umtil a oritical
concentration is réﬁched (npporoxizntely ©5). Further
inereases of carbon dioxide result in a deereasge in resple
ration. This {3 mucnr the same type of response demonstrated
by graded incremses of curbon dloxide on corcnary resistance
(Flgure 53). . -
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V. HYDROGEN Iu¥ EACHANGE

The efflux of amcidic materirls during perfusion with
saline saturatad with &£ 008. is most probably due to the
constunt production of acidic produets of oxidative
retabolism. This releasse occurs regardless of the extra-
cellular pH.

When carbon dioxide 1s increased to £0%5, some addlitional
process cppears to supervene 5o that the pd of the effluent
now becomes basic as comparsd to the perfusate. No atiempt
wes nade to identify the baslce materlal esusing this pH
rise. However, 1t 13 interesting to speculate that the
release of o baslc substance, passiﬁly ammonia; conld be
related to Berne's hypothesis that autorsgulation of coronury
blood flow iz due to adenosine release by smyocardial cells
during hypoxia (BFERME, 1964). He coneluded thai for’ths
hypothesis to be valid, 1t must be demcnstrated thst
adenosine 1s not deaminzted before it leaves the myocardiél
cells. The increased pH of the effluent indlcstes that =
basic substance such as amronls 13 released constantly when
COz 1s increased to 204. This agrees with the findings of
COH¥AY and JMOORE (1945) that 15% carbon dioxide, at constant
pH, markedly inocreased the penetration of ammonia through
muscle or yeast cell membranes. Elevated curbon dlioxide
concentration is the only experimental condition which

causes the pH of the offluent to be higher than the perfussie
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pHe This may indlcate an lncreased release of wmmonis
which may be due %o deaminstion of adanosine. If this 1s
the case, the adencsine of Berne's theory 1s deaminated
Intracellularly and this argues asgainst 1ts functlion as a
vasodilator. Although these experiments do not ldentify
the basic substance, they indicate that such an analysis
might be worthwhile.




Vi. GODIUN, POTASSIUM, AKD BICAROWATE EACHANGES

Yo evidence of potossium or scdium loss from cardiac
tiséue. as the result of an increased CO; concentration, was
observed. YCUNG ot al (1954) and BHOWN and MOWLEM {1960)
had reported myocardial potassium loss in the presence
of elevated COp concentrations.

The absence of significant increases in effluent
sodlum or potassium during perlods of increassed CQ, concen=
tration, argues against their role as agants of smooth
musele tension changes in the coronary system. This hsd
been hypothesized to be 2 link betwesn spooth muscle
fﬁnctionfand myocordial lonie exchings, based on the
findings of FRIZDMAK e% al (1963) on the effect of sodium
and potassium on the smooth muscles of rat tanil vessels.

The possibllity that loss of potussium by the zyocsrdium
can influence rate by scoumulating increased concentrations
of potussium around the cells of the pacemaker must be
discarded in light of the lack of a significunt potassiwm
increase in the effluent.

Blcerbonate concentrstion changes observed were not
adequate to explain the pH differences observed between
perfusate and effluent.
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VII. GiREraL CUNCLUSIGHS

The results reported hereln disagree with those of
feLLECY et al (1958) and VAUGHAM #ILLIAMS (1554) who
found that carbon dloxide had an effect on cardimc function
only when a pH change was concurrently present. This
difference of resulte may be due 4o the praciice of these
vworkers, of mllowing the hearts to egqulllibrate with the
experimentul perfusate for extended periods of time (15-3C
minutes), before analyzing 1ts effect on & particuler
varinble. This proactice would miss the guick effect of
increased Cﬂa. From the mognitude of the response to
increused COp, 1t scems reasonsble that this quick effect
msy have the most severe conseguences on cardiasc function.
| #lso, the chonge of pH by asltering the concentrition
of bicarbonste, & rather poorly psrrmeating snion, and
balancing the crnunge by albsring the concentration of
chloride, a freely pormeating snion, could havs cellular
consequences which mask the elfect of carbon dioxide or pHe.

6 dlscussed in the llterature survey, there have baen
indleantions that incraased curdon dloxide may szlso play a
roie as a vesoconstrictor ggent in additlon Lo its vasoe
diletory effect. 1he demonstratlon herain of its duml
effect reconciles the two points of view.

Extrapolation from the observations on isoluted organs

to the functioning of these organs in asltu may only dbe made
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with extreme csution. However, the mariked effect of
increased c¢arbon dloxide on the hesrt's three cell typss
may provide the link in the explanation of why the hesrt's
function irreversibly falls after reaching a certain pelns.

As previously discussed, high concentrations of Coz
nsve been suspected as the cuusative agents in various
clinical states. BING et al (1964) nave stated that
“despite %he large volume of studies, the fundamental cause
of heart fallure, so commoaly encountersd ln clinicsl
practice, still remalns obscure®. This statement ewboldens
one to advence the nypothesls that simple, ubiguitous, and
alusive carbon dloxide is the agent which trips cardiac
mechanisms down the hill of irreveréible failure. 8
metabolicelly derived carbon dloxide builds up within the
tiszues of the heart due to ispaired ccoronary clrculation,
the resulting negatlive inotroplc and chronotroplie effects
decrease cardiac output. This further reduces coronary
elrculation which, in turn, prowotes additional CUy accumu-
lation. &8 Ccz concentration incrssses, the beneflcial
vasodilation 18 replaced by vasoconstriction. Vasocon-
striction cnuses even greater CGE accumlation; thls wakes
reccvery from the érfects of this cyele difi'lcult orx
lmposselible.
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VIII. SUEMARY

The problew formuluted in Chapter I, concerning the
relative effects of low pil and high CUy on three areas of
heart function, has beon resclved with the demonstration
of the followlng:

(a) Carbon dioxide has a rapid negative

inotropic efrect which cannot be accounted for

by the fall in pH of the perfuslang lluld.

(b) Carbon dicxlide has z rapid negative

ehronotropic effect which muy be due purtly

to the conecurrent lowering af'pﬂ.

(c) Decressing pH by decreasing blecarbonate

concentration causes slower end smeller negative

chreonotrople and inotropic effects.

(d) Carbon dioxide has & double effect on

coronary resistance: & vasodilatory effact

rasulits when concentrations sre increassed up to
approximsiely 163, and & vusoconstrictor effect

is exhibited by 187 and 2045 concentrations.

(e) iecreasing pH by decreasing bicarbonata

copcentration has no effect on coronsry resistunce.

(£) iecremsed oxygen saturstion of the perfusion

fluid csused & positive inotropic offecet but was

without effect on rate or coronary resistance.

(g) =~ study of the possitle lnteractions of the

three varisbles showed that curbon dloxide had a
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direct effect on tension, rate, and coronury

resistance,

Yodels were proposed to explain the mecde of effeact
of curbon dloxide and pi chunges on the three sreas of
heart functlon.

The possible significance of these findlirgs to the

Intact orgenism 1s considered.




CLAIlmd TO ORIGINAL HESEARCH

Uslng the prineciple of minimal auallitative und
gquantitative changes in the anionic constlituents of the
perfusate, the effects of COz end hydrogen lcn chunges on
she isolated rat heart were analyzed with the followlng
results:

(2) CO, has o negatlve inotroplc effect which

is not dependent on the perfusate pH change,

the concurrent negabive chronotropic effect, or

on the concurrent changes in qofonary resistunce.

(b) 802 has & neg&tiﬁe chronotropic effect

which is due, in part, to the concurrent pi

change, but which is not related to the con-

current negatlive inotropliec effect or the

goncurrent inerease in coronary resisiance.

(e} CC, canses an increase in coronary resist-
ance 2% hizh eoncentrations (184 and 20%) which
iz not medimted throungh the concurrent tension
chenge,, rate cﬁnngc, or pH change.

(d) Welther CO, nor pi changes alter the
myocardinl tension =t disstole.
(e) cag concentrations latermedlste between

the control level (5%) wund the highest-
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concentrztion (20%) cruse intermediate
decreases of coatraction tension and hesrt
.ruta.

(£) 0CQy concentrations intermedizte between
the control level (54) and the bighest
concentration (204) cause a coronsry r¢sliste
ance decreass beiween 5% &nd 167, cnd a
corcnary resistance increase at 184 end 20%.
(g) & decrease in the Uy concentration from
the control level (£5%) to the experirentel
level (80%) causes 2 positive inotroplc effect
which is not mediated by rate or coronary
resistance changes, _ '

{h) A decresse in the Oz concentration from
the centrol level (95%) to the experimental
level (80%) bes no effect on rate or coronary
resistance.

(1) 7The heart loses n busic substance at high
CO; concentrations (207), but loses acidie
substances st low COp concentratlons (6i). The
loss of aclidlic substances is independent of
perfusate pH,

These arc, to the best of my knowledge, origlnel items

of ressarche.
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