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TIIE ROLE OF THE SYT,IPATTtrTTC NERVOUS SYSTFd IN THE DEIIEIOPMEN:I OF

DECIOMPENSATION DURING HEI\{ORRHAGIC SHOCI{

N.K. Hollenberg

ABSTRACT

The ttrftial esrrdlovâ.Éculâr respo¡l€¡e to hemot.rhaglc hypoten-

sion may be termed compensatory in that tt Ìeads to an increase in blood

pressure, or if the pressure is held constant, to a shlft of blood from

tire aliimal to the bLeeding reservoir. This period of compensation is

associated with a movetllent into the vascular space of fluid with a low

protein conient, and thus hemodilution. The compensatory period is

prolonged by adrenergic blockade witlr phenoxybenzamine (Di.benzyline),

and sirortened by the i-nfusion of smalr amounts of noradrenalj-ne-

After a period of hypote¡rsion the compensation changes quite

abruptly to a phase of decompensation during which blood must be returned

to the animal to maintain the established leve1 of arterial pressure. The

developnent of deeompensatioir is characterized by progressive hemoco¡tra-

tion, indicated by paralle1 increases in plasma protein concentration and

hematocrit. The onset of decompensatj.on is coincident with the onset of

iremoconceutration, attd factors promoting hemoconcentration appear to be

importaut determinants of the subsequent course; tb.e more pronounced the

hemoconcentration, the Iess lii<ely is survival" Adrenergic blockade de-

lays and reduces the hemoconcentration and the decompensatlon, and even

small doses of noradreilaline accelerate both"

serial determinations of plasma volume (Rrsg space), prasma

proteln coneentrati.on and hematocrit shol that the hemoconcentration is

due to ultrafiltration of fluid from the vascular space, which quantitat-

? t? 3.>-



ively accoul)ts for the volume of blood required to maintain a constant

arterial pressure during the early part of decompensation. This period

is follo\ ed by a secoud decompensatory phase during which measured plasma

volume continues to diminish without fr¡rther hemoconcentration. The re-

duction in circulatlng blood volume during this phase appears to be d.ue

to the seguestratio¡r of blood rvithin the vascular system. The second

phase of decompensation is prevented by adrenergic blockade and acceler-

ated by ¡roradrenaline infusion.

Ultrafiltration from the vascular space during decompensation

appears to be due to an lncrease in net capll1ary hydrostatic pressure.

This occurs despite a constant arterial blood pressure and little change

in central venous pressure, and must represent a change in the microvas-

culature. Eitirer a decreased precapillary resístance, an increased post-

capillary resistance or both could raise the capillary pressure. precapil-

lary resistances in the gastrointestinal ttact, skeletal muscle, skin and

kidney do not decrease during d.ecompensation" However, postcapillary re-

sistance increases progressively during hemorrhagic hypotensi.on in both

the intestine and skeletal muscle vascular beds, and appears to be respon-

sible for both ultrafiltration of fluid from the vascular space and seques-

tration of blood in the tissues" The increased postcapillary resistance

appeâ-rs to be due to the activity of the syrnpathetic nervous system, since

¡loradrenaline and phetroxybenzamine exert profound and opposj.te effects on

the process.

Blood florvs to the kidney, gastrointestinal tract, skeletal mus-

c1e and sl<in show important differences in their responses to hemorrhagic

hypotension. Changes in vascular resistance and the effects of phenoxy-

benzami¡re pretreatment reveal a characteristic, highly organized sequence

of vascular changes indueed by the sympathetic nervous system in response



to hemorrhage. The magnitude of sympathetic vasoconstriction appears

to be initially mese¡rteric ) hindquarters > renal. The mesenteric and

hindquarteîs vascular beds achieve a "maximal" constrlctio¡t earlv in

hemorrhage and this remains relatively constant until the immediate pre-

terminal period. P.owever, sympathetic constriction of the renal vascula-

ture develops mucir later iir the corrrse of hemorrhage, and progresses with

proloirgation of the hemorrhagic hypotension.

After 2.5 hoirrs or more of hypotensj-on the decreased renal

blood flovr persists despite reirrfusÍon of the shed bli¡od and elevatÍon

of the a:'terial pressure, a response qualitatlvely different from that

of the blood fLorv to intestine, sheletal muscle and skin. The depressed

renal blood flow is associated with perslstent oliguria, desplte arterial

pressures generally considered adeguate for glomerular filtration. The

degree of maintained renal vasoconstriction is related to the duration of

hypotension. P¡'etreatmeut rvith phenoxybeuzamine dininishes the maj.ntained

vasoconstriction aud prevents the oliguria. After the vasoconstrictlon

and oliguria develop they can be abolished by either denervation of the

renal pediele or intra-arterial administration of guanethidine and phenoxy-

be¡rzamine. An iufusion of noradrenaline producing renal vasoconstriction

of quantitatively si¡nilar duration and degree does not result in maintained

vasoconstriction follorving its termination. These findlngs suggest that

the oliguf ia and persistently depressed renal blood flow following pro-

longed hemorrhagic hypotension are due to central nervous systen activity

mediated via efferent sympathetic nerves.
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The Problem of the Definltion of Shock

Few processes have been subjected to more penetrating or

diversi.fied i¡rvestigatlon than has "shock", the frequently lethal

state that foltows severe trauna. Despite this effort, there are

few questions to which investlgators who have worked 1n tbis area

respond witb any degree of unanimity. They aII appear to agree'

however, ttrat no adequate definition of shock is available. C1earIy,

a universally acceptable deflnition must await a clearer insight

lnto the pathophysiologicat processes involved. Cannon in 1923

rwote, "It seems to ne that ln such a complex aS shoCk, definition

is not a prÍme requisite. The important matter is ..... a careful

descriptiou of the observed facts." Since an acceptable definltion

has remained elusive, a clinicat description is necessary to facil-

itate com¡nunication. Cannon cites two descrlptions of patients

with the picture typical of shock. One patient had suffered a com-

pound, co¡nrûlnuted fracture of a lirob, the other a severe abdominal

injury. They rvere cold and perspiring, paIe, somewhat cyanosed,

listless and apathetj.c; their pulse rates were rapid and blood pres-

sures low" InJury in these individuals had led to a state of severe

physical and mental prostration associated with a marked circulatory

distr¡rbance whlch followed a subacute course to death. Postmortem

examlnation revealed nothing to explain the prostration, except the

initial injuries.

There has been lnterest in a wide range of responses of

the organism to shoch inducÍng stress, but attention has been fo-

cussed prinarily o¡r tbe gevere clrculatory dlsturbance' since it
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appears to be the decay of hemodynamic function whlch ultinately leads

-uo death. The individual eomponents of the cardiovascular apparatus'

heart, arteri-oles, capilÌarles, and veins have been repeatedly in-

vestigated.over the past seventy years, without the concluslve demon-

stration of any functional derangement to account for the progressive

failure of cardiovascular function. (See Wiggers, 1950; Green, 196I.)

Atterations in the function of some of these components have been ob-

served, but only very late in the course of the Shock proceas, lvell

after the fate of the organism is sealed.

There appears to be uniform agreement that shock involves

the organlsm as a whole, and can be initiated by any form of trauma

or stress that results in generalized impairment of cardiovascular

function. The cardinal feature of the syndrome appears to be an over-

aII inadequacy of tiSSue perfuslon, which ln turn leads to impaired

tissue function. This impairment is characteristically correctable

early, but ultimately becomes tti.rreversiblett, i.ê. , refractory to

current therapeutlc measures, especially the transfusion of blood.

The nature of the irreversi-bility to transfusion v/hich resulte in

an inexorable course to death in hours or days is the central problem

in the field of shock todaY.

The Choice of an Experimenial Shock Model

A najor area of advancement in the laboratory study of

the shock process has been the developmenty duriug the last three

decadesrof tecbniques which induce shock in laboratory anlmals in

a reasonably reproducible manner. Many of the technlques ernployed

resemble stresses that are known to produce shock 1n man. These
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lnclude skeletal muscle and, intestinal trauma, removal of blood,

burns and prolonged reglonal lschemia of llmbs or lntestlne.

(See Wiggers, 195O; Fine, L962¡ Selkurt and Rothe 1961.) Shock in-

duced by hemorrhage was selected as the ¡nodel in the present study

because lt ls slmple, highly reproducible, follows a well known course,

and allows control of arterlal blood pressure, whlch facllltates

the study of cardlovascular functlon.

Somewhere between an acute lethal bleedlng volume whlch

results in rapld death due to cardlorespiratory fallure, and a sub-

lethal hemorrhage from which the anlmal recovers, Iles a crltlcal

bleeding volume which leads more slowly to death through the induc-

tion of hemorrhaglc shock. Animals bled somewhat less than the

acute letha1 bleeding volume, and then held at the resultant arter-

ial blood pressure by the removal or reinfuslon of blood, go through

two characterlstlc stages. There is an inttial stage whlch has

been descrlbed as "compensâtory" (Green, 196I) because lf hemorrhage

is stopped at thls tlme, the blood pressure rLses, and if the shed

blood is,returnedr the majority of anlmals sr¡rvlve. If the blood

pressure is held constant durlng this stage, the compensatory pro-

cess expresseg ltself as continued loss of blood" Compensatlon ls

followed, after a varlable but relatlvely short lnterval, by the

development of a deconpensatory stage in which the contlnuous reln-

fusion of blood 1s requlred to prevent the anlmalsg blood pressure

from falling" If relnfusion is withheld during the decompensatory

stage, the blood pressure falls rapi.dly and the ani¡nal soon dies.

During this perlod a progresslvely increasing percentage will dfe
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despite the reinfusion of all the shed blood. There 1s no adequate

explanation today for either the necessity of reinfusing blood during

the period of deqoxßpensation, or lts fate.

It is apparent from this description that there is a striking

resemblance between the results of maintained hemorrhagie hypotenslon

in the experimental animal and the course all too frequently seen in

man during shock. The clinical pictuTes ¿re also very similar. The

animals are hypotensive and have a rapid, weak pulse, decreased pulse

pressure, weak heart sounds, cold skin, oliguria, and if unanesttretized'

apathy, muscular weai<ness and depressed reflexes

C. The Purpose and Scope of the Present Study

The major purpose of the present investigation was to deline-

ate the mechanisms of the development of decompensation during hemor-

rhagic hypotension in the dog. As the program developed it became

necessary to investlgate the foltowing: (1) The role of transcapil-

lary fluid shifts and the lntravascular sequestration of blood in the

clevelopment of decompensati.on, (2) tf¡e relation of peripheral hemo-

dynamic changes to the course of the hypotenslon and the fluid shifts

that occur, and (3) the role of the sympathetic nervous systen ln

the development of deconpensation.

Ancillary studies were also carried out to: (4) Assess

blood florv redistribution during hemorrhagic hypotension, especially

as influenced by sympathetic nervous system activity, (5) explore

special factors in the response of the reual vascular bed to hernor*

rhage, particularly 1n rel.ation to the development of oliguria fol-

lowing hemorrhagic hypotension, and (6) determine the phenoxybenz-
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amine dose-response curve with respeCt to cardiOvascular responses

to hemorrhage.
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TIIE NATURE OF CIRC-UI,ATORY DEOOMPENSATION IN STTOCK:

REVTE\ÁJ OF TTTE LITERATURE
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A. Ðecreased Perj.pheral Rosistance

The inabllity of patlents or animals in shock to maintain

their blood pressure is one of the most dramatic features of this

syndrome,'and so has atiracted muCh attention. In terms of hemo-

dynamics, a falling blood pressure can only be accoutlted for on the

basis of a decrease in cardiac output or in peripheral resistance,

or in both. Although it has been frequently suggested that shock

represents failure of the organism to maintain peripheraÌ vascular

resistançe, accumulated evidence has made thiS viev¿ untenable, and

it is now of historical interest only. Crile (1915) postulated tbat

the progressive cardj-ovascular decompensation ln shock was secondary

to "exhaustÍon" of the vasomotor Center, reSulting in tire loSs of

arterlolar constriction. Ëioweve::, Cannon (1923) pointed out that,

even late in the Shoci{ process, vascular denervatio! results in an

lncreased btood flow, that incj.sions made during shock bleed very

Iittle, and 'ûhat blood ftow at a constant perfusion pressure remalns

depressed tirroughout ihe course of shock. It has subsequently been

demonstrated many times that blood flow to various vascular beds

reinains depressed during shock, generally in associatlon with a

considerable increase in vasculai' resistance. In fact, the pendulum

has srvung to the point where many investigators now feel that the

pathogenesi.s of shock involves too much, rather than too IittIe vaso-

constriction. (See Lillehei et aI., 1964, Nickerson, 1964.) Gregg

(1962) bas reported studies of vascular resistance in hemorrhagic

shock in unanesthetized dogs previously prepared with inpla¡rted

eleciromagnetlc florwaeter probes. He concluded that "the pathogenesis
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of shock cannot be attributed to peripberal vascular collapse at the

arteriolar slte. The bemodynamic cÌisturbance is postarteriolar in

Location. "

B. Decreased Cardiac Output

As was pointed out above, if tbe blood pressure faLL is

not due to a decrease in peripheral resistance, it can be accounted

for only on the basis of a fall in cardiac output. Thls faII ln

carcliac output has been amply ciemonstrated, both in matl and ln ex-

perimental animals. (See Blalock, 1934; Richards, T944; Wiggers'

1950.) ttre clecreased cardiac output, in turn, can be accounted

for only on the basis of either inadequacy of myocardial function

or of fai.lure of venous return to tbe heart"

I. I'{yocardial Inadequacy. There has been contlnuing

debate on the role of the heart per se i¡ the fallure of the or-

ga.riSn to mainiaj.¡r cardi.ac output during the development of shock.

Since the heart norrnally plays sucl¡ an important role in maintain-

ing the coustancy of the circulation, it has not seemed utrreasonable

to suggest that it ptays a major part in tho circulatory derangement

seen in shock. Many investigators have presented evidence that

appeared to support ihe concept that failure of myocardial function

is a cr.uciat factor in the pathogenesis of shock. Unfortunately,

they have rarely distinguished between failure of rnyocardial function

as a l-ate, preterminal event, and myocardlal failure aS a primary

cause of the circulatory derangement leading up to the terminal

episode.



-13-

Severalearlyworkersinthefieldofshoci<suggestedthat

cardiac failure was of major etiologlcal importance. (see revlews

by Cannon, Lg23; i:loon, L942; Simeone, 1963') For several decades

follorving the first \t/orld lirar, this view Íell into disrepute, but

\Tliggers (1950) reopened the questio¡r with the observation that late

in the course of shoctg there v/as frequently an increasing atrial

pressure in associatioìl rvith a falling cardiac output. This obser-

vation led him to conclude that myocardial inadequacy frequently

played a role in the circulatory collapse thai follorvs hemorrhage.

In suppori of thiS viervpointr\'triggers cited abnorroal ventricular

volunre and pressure pulses, and abnornral eleetrocardiograms.

Kohlstaed,c and Page (i.9¿,¿.) employing a roentgenographic technique'

observed dilatation of the chanrbers of the heart during experiåentar

heraorrhagic shock. I{owever, these rvere late changes, becomlng ap-

parent only rvhen the animal was about to die'

otherdatasuggestedtha,ccoronarycirculationdecreased

during shock (\¡Iiggers, 1950) , in association with an abnormal pattern

of myocardial metabolisrn (Hackel and Breitenecker, 1963). A relation-

ship between the abnorr¡al coronary blood flow and abnormal functional

responses was demonstraÈed by sarnoff et al. (1954), who showed that

the late rise in left ventricular filling pressure v¡hich appeared

after an interval of hypotension could be reversed by increasing

left coronary ar,cery blood florv rvith a pump. However, tbis procedr¡re

dlci not prevent further deterioration of the animal'

CrowellandGuyton(1961,L962)studiedtheeffectsof

hemorrhagic hypotensj-on on right and left atrial pressures with
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cardiac output i¡elci constant. They found that after some delay these

pressures rose, þoth when 'bhe cardiac output waS held at a }ow level

and rvhen it was malntained at a nornal leve1 by extensive transfusion.

îhey rvere also able to clemonstrate myocardial deterioration by exam-

ining the cardiec response to i¡rcreasing venous filling pressures

inciuced by tr.ansfusion d.uring various phases of shock. As shock

progressecl, the cardiac output respo¡lse to transÍusion diminished,

particularLy at, high f illing pressì'lres.

Gomez and Harnilton (1964) were able to duplicate the re-

sults of Crorvell and Gu¡rton, showing that }ate in shock the response

of the heart to transîusi.on 1n'berrns of work output rvas diminished.

Horveveg these authors noted, "the experiiaents give no definite evid-

ence of deteriorating (nyocardial) function at resting volume loads 
'

the heart of the dog subjected to hypotension ml¡st be faced with a

large }oad lu order that it nay be differentiated from a normal

heart'!. Even late in the shock process2work output had to be in-

creased more than ten tlnes before an abnormallty in the response

þecame apparent. l,{oreover, these authors noted that aS shoch pro-

greSseci, extreme).y large volunies of donor dog blood were required

to maÍntain venous return and central vel'lous presgure, Suggesting

the presence of a prepoteirt peripheral component.

There is considerable evidence to suggest that failure

of the heart is not a naior factor in tire induction of shock irre-

versible to tra¡rsfusi.o¡1. I't has been denonstrated that shocir dif-

feri¡g in no recognizable way from that induced by hemorrhagic

hypotension can be produced ín the dog in which ihoracic aortic
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blooci pressure, and tbus presunably coronary blood flow, is naintained

during hypotension by a balloon in the thoracic aon'ca (smlth and Grace,

1957). This observation is relevant especially in the light of the

observatio¡ of Sarnoff ei aI. (1954) that the myocardial decompensa-

tion inciuced by hemorrhage could be reversed by perfuslon of the eor-

onary arteries.

\^/eldner È ^1. 
(196i) studiecì the force of myocardial con-

traction by means of a walton-Erodie strain gauge in dogs subjected

to henorrhagic hypotension. The force of contraction fell with her¡-

orrhage, but promptly reiurned to normal v¡it,h reinfusion of the shed

lrlood,evenlateinthedeconpensatorystageofshock.Thereafter,

nor¡:¡al donor- ctog blood transfused in volurqes sufficient to Inaintain

a mean arterial pregsure of 8O iruu I{g maintained cardiac performance"

they concluded that the basic defect causing progressive deterioration

of ,che circulation was a failure of venous return to the heart'

Rothe and Selkr¡rt (1964) have also recently reported studies

on .cardiac perforrnance in the dog durlng hemorrhagic shoclç whicb sug-

gest that a decline in cardiac fi-lling, l'ather than primary nyocardial

failure, is the major cause of ihe progressive, ultimaie}y fatal de-

cline in cardiac output. They found t,hat al',chough nild inadequacies

were occesionalJ-y deuronstrable early in the shock process, as in-

cicated by the relationshlp of ven'cricular encÌ-diastolic pressure

to cardiac v¿ork, or cardiac cirerinference io cardiac rvork, cardiac

failure generall-y could not account for the fatling output. They

r,¡ere able to demonstrate that dogs in shock tolera',ce transfusions

of as much as three tlmes their norúal b100d volume with minimal

evid.ence of cardiac failure.
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the failure of digitalis preparations ln adequate dosage to

change the course of shock also suggests ttrat myocardial inadequacy

is not a major factor iir the progressÍve circulatory deficiency

(BlaLock, L927; Glasser and Page, 1948).

II. InaCequate Venous iì,etu:rn '¿o 'she Fieart. Inadeguate

venous return r'¡ou1d explain much of the available heinodynamic data

in shock. Florvever, thls explanation suffers Írom one major f larv;

to date there has been no adequately documented mechanism io account

for a failui'e of ve¡rous return. trailure of venous return has been

variously asc:'ibed to loss of tone in iihe venous segments of the

vascular sys'cen, prornotlng pooling of blood in'che large and small

veins, or to a decrease of int:lavascular volu¡ne caused by a pro-

gressive loss of blood frora the vascula¡' space.

There 1s iittle d.irect infornation on venous tone in shock"

It is a cotrunon clinical e:i¡rerience that it is extremely difficult to

cannulate veins in the extremities in sl:oci<, suggesting that venous

dilatation cìoes not occur there. Cannon (1923) pointed out that no

evidence of ciilatation of large veins of the splanchnic area is found

d,uring surgery on cases of traumatic and henorrhagic shock in man.

ALexander (1955) carrj.ed ou{: extremely caneful studies on dogs sub-

jected to hemorrhage, and found no }oss of venoug tone before the

'cerminal stage. rn fact, recent studies by Lervis and Mellander

(1962) suggest that the veins are much inore resistant to the local

effects of di¡ninished blood supply than are the arterioles.

T'ìre alternat1ve to venous dllatation to explain decreased

venous return to the heart is a progressive loss of l¡1ood fron the
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vascular space. I'1aLcoI¡n f lrst suggested this possibility in 1909.

Ðecreased btood volume Curlng shock has subsequently been demon-

strated iaany times, both in taboratory animals and in man (I(eith,

1919; Gasser et aI., J-9I8; Freeman, 1933; Gibson et aI. , L947;

Huggins e-; aI., LÐ57; Ðunn e'c al., 1958; Fozzard and Gilmore, 1959;

Crensirarv e'c a!., L962; Longerbeam et al. , L962; St¡zuki and Shoemaker,

f 964). Îìrere is consiCerable evidence j-n rnan not only that a blood

voLr¡:re cieficit exis'cs 1n siiocli, but that tl¡e severity of the si-gns

aird syr',lp'cons of shociç, and tlre probable outcoile are related to the

magnitude of tire blood volu¡ne cÌefici'c. lsee Reeve (196I) for ref -

erenees coitceïilj.ng Ì:iood volru,re def icits j.n inan ii: sÌiock. ] i{owever,

except in those sirua'cions \','jlere local tj.ssue des'iruction could

account for co¡:tinui.ng l¡toocì or fiuici loss at some site, aS in burns,

trauna, or perito¡r:-tis (Fine and Selignan, 1943, L944>, it a;opears

to have bee¡:. iaci;*y assurred that the rnissing volulre was lost during

the i¡ii'cial insult. Althouglr 'chls night be true in sorne situations,

sucir loss rvo'r¡Ici not expì-ain the progressi.ve naÛure of the syndrome,

as rvould continuing Loss oÍ voLume from the circulating vascular com-

partrnent. Cannon iL923i recognized '¿his, and postulated continuous

Ioss of plasna from dauaged capillarles as t,he progressive factor

iu shock. ile believeci that the capillary damage was secondary to the

release of toxis substances froni trawna'cized areas.

Several different lines of investigation have failed io pro-

vide evidence of genera-Iized capiliary damage in shoclç. Plasma pro-

L ^: v -i.- -. ^. ^^ ,.,i r-ì-uçÁÁ¡ u4¡1Ë;eq 'vÅv^Ì râdioj.sotopes (¡-ine and Seligman, Igé'3, 1944) or

v¡ith T-I824 (Grege.rsen and Root, L947> does not disappear from the
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circulation faster than normal in irreverSlble shock, and the lirn-

ited quantity of labelled proteLn found ln the tlssues also suggests

that caplllary permeablllty ls not Lncreased. There ls an lncreased

rate of appearance of tagged proteln |n ly¡nph from traunatized but

not from nontraumatlzed tissues ln shock (Ftne and Sellgman' L944i

Cope and Moore, 1944), agaln suggestlng that a generalized increase

in caplllary permeabillty to proteln does not occur. Total lynph

flow is reduced (wessely, 1958), and the transcaplllary flux of

sodinm (Gel1horn et aI. , L944>, thiocyanate (Hol@sand Painter,

Lg47), and deuterLum oxLde (Fogelman et aI. c L952). are reduced ap-

proximateLy 50% |n shock, v/htch ls not conslstant with the hypothesis

of increased capillary perneability, and suggests ratber a decreased

capillary gurface avallabte for exchange. The recent observation of,

a mariredly reduced radioactive sulfate gpace is also conslste.nt wlth

the }atter possiblllty (Cfenshaw et aI. , L962, " Indeed, the cap-

illary membrane appears to be extremely reslstant to the effects of

hypoxia (Hendley and Schl]]er, 1954). Recent studles by l,ewis and

Mellander (1962) also suggest that the caplllary wall ls resistant

to the effects of markedly reduced blood flow, net transcaplllary

exchange of fluid contlnulng to occur mainty on the basis of the

balance between hydrostatie and oncotlc pressures"

As the theory of dlffuse capillary damage ln shock became

untenable, the possibillty that contlnuous loss of vascular volume

contrlbuted to the progresslon of shock vras apparently r€ieeted.

Horvever, other data lndlcate t,hat lmportant f luid shi'f ts can occur

during the devtopment of shock" Hemoconcentration, as i.ndlcated
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by an inc¡eased blood speclflc gravity' s/as flrst noted in rabblts

that went into shock followlng laparotony (Sherrington and Copeman,

lgg3); henodilutlon after hemorrhage r¡tas also noted by these workers.

Subsequently, hemoconcentratlon was so frequently found ln essociatlon

wlth shoek that Gannon (1923) devoted an entlre chapter in his mons-

graph to this phenomenon. Later, Moon (f942) considered hemoconcen-

tratlon to be such an integral part of the shock process that he

lncluded !t ln hls attempt to deflne shock as "... a ctrculatory

deflciency, not cardLac or vasomotor in origtn, characterlzed by

a decreased volume of blood and cardlac output, and by hemoconcen-

tration.tt By hemOConcentrattonrMoon and his Contemporaries meant

an increased concentratlon of erythrocytes, determined from the

erythrocyte count, the hemoglobln concentratlon, or the whole blood

specific gravlty. There appears to have been congiderably less in-

terest ln changeS ln the concentration of plasma proteins, although

the theory of clrculating volume loss due to generalized caplllary

damage rested on the supposition that "hemoconcentration" represented

dlsappearance of whole plasma from the vascular Space. A Ioss of whole

plasma would indlcate a loss of lntegrity of the caplllary wal}, whereas

loés of a low-protein ultraftltrate of plasma would strongly suggegt

tbat the capillary walI was lntact.

C. Decompensatlon in the Hemorrhaglc Shock Model

Moon (1942) argued that hemorrhage end shock are distinct

e¡rtitles despite certaln obvlous simllaritles, lncludlng death pre-

ceded by dlmlnished blood pressure, pulse pressure and body tempera-

ture, and rapld pulse and respiration. IIe pointed out several apparent
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major differences. In shoekrthere cTraracteristlcally is evicience of

hemoconce¡rtration, whereas after heinorrhage, hemodllution occurg'

After death from siroc\the velns are collapsed and btoodless, whereas

the capillaries are distended witlr blood and blood oozes from the

parencityma of various organs when they are cut' After hemorrhage'

on the other. hand, the tissues are characteristically anemLc. Fin-

ally, the administration of acleguate fluids after hemorrhage fre-

quently results i¡r survival, lvhereas shock ls generally resistant

to the therapeutic effects of transfusion. Blalock (1934) dls-

agreed with this distinction, pointing out that if dogs are bled and

the resultant hypotenslon maintained by snall hemorrhages or infusions

as required, hemoconcentration occurs, the anlmal becomes resistant

to tire therapeutic effects of transfusion, and develops the patho-

Iogical changes ciraraeteristic of shoci<" subseguently, shock ln-

duced by hemorrhagic hypotenslon becane the most commonly used lab-

oratory model, but apparently lvloonts opinion concernlng the absence

of hemoconcentration in this preparation prevailed. In hls motrograpb

published in 1950, Yliggers stated that shock induced by hemorrhage was

noi associated wÍth hemoconcentration, and there appears to have been

Iittle subsequent interest in hemoconcentration tn shock, either with

reference to the mechanism of its development or its signlficance ln

the overall shoci< Process.

.Thej.nduc:tionofhemorrhagicshockinexperimentalanimals

by the method me¡'rtioned in the introduction offers a useful model f,or

exploration of the cause of irreversibility to transfusion" After a

varlable periocì of hypotension at a fixed arterlal blood pressure the

animal begins to reguire the reinfusion of lts shed blood to prevent
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the blood presaure fron falllng. Since lnltlally |t ls necesgary to

remove blood from the rrrfr"f to prevent arterlal pressure from rislng,

the change to a tendency for the presaure to fall unlesg blood ls

returned has been called "reversal". It hag frequently been pointed

out that after reversal, there ls a change from a high probabillty of

aurvival after relnfuslon of all the shed blood, to a progressively

lncreasing nortality in splte of trangfuslon (Ffank et al. ' 1945;

lÏiggers aud Ingraham, 1946; Glasser and Page' 1948; LansÍng and

stevenson, L957¡ $ûith and Grace, L957; Flne, 1-962i Slmeone, 1963).

Despite the obvious lnportance of this phenomenon in relation to the

uttirnate fate of the anlmal subjected to hemorrhagic hypotension,

there appears to have been little speclflc effort to account for

reversal in henodynamlc terms. Llllehel et 41. (1964) have sug-

gested that "uptake of blood from the reservoir ls a sign of failure

of the dog to maintain vasoconstriction in the visceral and peripheral

vascular beds. Consequently, the size of the vascular bed begins to

expand, and blood must be taken up from the reservolr to fill this

increasing space"" Simllarly, Bohr and Goulet (1962) suggested that

the uptake of blood lndlcated an lnoreased vaÉ¡cu1ar capacity, and

that this was due to faih¡re of smooth muscle somewhere in the peri-

pheral vascular bed to maintain constrlctlon. Flne (1954), Lansing

and Stevenson (1957) and Rusbmer et aL, (1962) have all suggested

similar mechanlsms to account for the uptake of blood fron the reservoir

during decompensatlon. Ho.wever, aS was pointed out earller, no con-

vincing evidence for a loss of tone at any level of the vascular bed

exists, despite decades of research designed to demonstrate such a

phenomenon.
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An alternatlve explanation for uptake has been offered by

Crowell and Guyton (1961, L962) who suggested that uptake of blood

from the regervolr ls a manifestatlon of heart fallure, the blood

being requlred to lncrease venous filltng pressure, and thus to

drive the fa11lng myocardlun to sustaln the arterial pressure.

However, as was polnted out above, there 1s llttle evldence of lm-

portant myocardial lnadequacy at any stage of shock except innedi-

ately prlor to death.

D. The Role of the Sympathetlc Nervous Systen

Conslderable evidence has accttnulated to suggest that the

vasoconstrictlon lnduced by activatlon of the synpathetlc nervous

system dr-rrlng Shock ls one of the major factors responsible for

the development of lrreversibility to transfuslon. The evldence

for this view hae been extensively reviewed |n several recent pub-

licatlons, and wili. not be examined fn detall here. (See Nlckerson'

1955, L964; Nickerson and Gourzls, L962,)

The adminlstratlon of adrenallne or noradrenallne can re-

sult 1¡ both extreme vasoconstriction and the development of lrrever-

sible shock q'bich ls lndistingtrlshable from that lnduced by trauma

or hemorrhage (Eri.anger and Gasser, i.919; Yard and Nickerson' 1956).

Slrnllarly, cerebral decortlcatlon produces extreme actlvity of the

synpathetic nervous system, va5oconstrlction and shock (Í'reeman,

1933). These procedures al-so produce hemoconcentratlon and dimitllsh

blood volume. Furthermore, the clrculatory failtrre engendered by

hemorrhage |s potentiated by the admlnlstratlon of relatlvely snall

amountg of adrenaline, or by the Lncreased sympathetlc activity
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lnduced by buffer nerve section (Remington et al. 
' 1950). Slmllarly,

1n shock induced by llnb trauma, section of the dorsal roots to re-

duce sensory input decreases both reflex vasoconstrlctlon and lethal-

lty (Wang et aI., 1947), and conversely, reflex vagoconstrlction lnduced

by sciatlc nerve stlnulatlon potentiates the shock process, desplte a

slgnlflcant lncrease ln arterlal pressure (Overman and Wang L947).

It hae frequently been noted ln both patlents and exper-

imental anlmalg that hypotenslon assoclated with vasodilatation ls

remarkebly well tolerated (Phemlster et al., 1945; Page, 1961).

Animals ln whlch vasoconstrLction nedlated by the synpathetic nervous

system has been reduced or abollshed by sympathectony (Freeman et al.,

1938), gangl-lonic or adrenerglc blockade (See Nlckerson and Gourzls,

1962 for references.) or depletlon of noradrenallne stores (Seifen

et al", 1964) are corrslderably more reslstant than normal controls

to shock lnduced by many different procedures.

The exact mechanLsm by whlch lncreased sptrpathetic nervous

systen actlvlty potentlates the shock process is not clear; at least

ln part, thls appears to be due to decreased perfuslon of tissues.

One purpose of the followlng studles was to dellneate more clearly

the role of the eynpathetlc nervous aystem in produclng cardlovagcular

decompensatlon 1n shock.
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GENERAL t\i.&ït¡{ODS AND DEFÏNITION OF TERIüS
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Experlments were carried out on dogs of both sexes ranglng

ln welght from 5 to 26 kg and free of obvlous dlsease or malntttritlon.

Anlmals were rejected lf they were pregnant, lactatlng' very young

or had been used for any prevlous etudy. The anlmals were housed ln

a constant environment at a temperature of approxlmately 680 F for

several days prior to use. Thelr dlet conslsted of standerd Purine

Chow pellets and water ad llbltun. Food was wlthheld for approx-

lmately 18 hours before each experiment. Survlval studles and all

studles durlng the sunrner monthg when th€ envlronmental temperature

roce above 75o F were carrled out ln the anlmal quarters at 680 F.

Other experlments were performed ln a roon whose temperature varled

between 7Oo and 75o F.

The dogs \¡tere anesthetized wlth pentobarbital sodlu¡n (33

ng/lrg) administered lntravenously by way of a foreleg vein, and a

10 to 15 ninute equlllbratlon perlod was then allowed before shavlng

or any surgery was performed. Addltlonal pentobarbltal was admln-

lstered as requlred to malntaLn surgical anesthesla, as determlned

by dinlnlshed corneal reflexes, and absence of Spontaueous llmb

movements and of responses to painful stlnull.

Arterial and venous cannulatlons were carrled out after

sr:rgical exposure of the vessele, utillzing thln-wal1ed hard poly-

ethylene catheters of the maxlmum bore permltted by the vessel.

The catheters were inserted well up lnto the vessel and fltted with

three-way stopcocks to allow lrrlgation wlth heparlnized 0.9% NaCl

as required to maintain patency. Mean arterlal blood pressure (BP)

was measured by means of either a mercury manometer or a Statham
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P 234 pressure transducer connected to a catheter introduced into

the aorta vLa elther the left brachLal or left femoral artery. In

all cases where the animal was subjected to hernorrhaglc hypotenslon,

the BP durlng hypotensfon s/as deter¡rlned with a sallne manometer.

Central venous pressure was¡ measured wtth elther a sallne manometer

or a Statham P 23D pressure transducer connected to a catheter in-

serted lnto the thoraclc venous system by way of the rtght external

Jugular vetn. The zero reference polnt for all pressure measurements

was one-third the dlstance from the sternun to the anlmal table

wlth the dog lying on its back.

All surgfcal procedures were carrled out using cautery

to ald in hemostasLs glnce the blood was rendered lncoagulable wlth

hepartn Ln most experlments. At least 30 minutes was allowed

after surgery before heparln was admlnistered, and hemostasis was

not a problem. In most experirnents the brachlal arterles Y/ere ex-

posed bllaterally for the measurement of arterial BP and for con-

nectlon to a blood reservoir. In the studles in whlch plasna

volumes were determined, a femoral vein was exposed for the ln-

jectton of the indlcator, and sarnpllng wag carrled out through a

catbeterized femoral artery. Blood samples for determinatlon of

plasma protetns and hematocrits were taken from an arterial catheter

after removing aLl blood filllng the dead,space.

Exposure of the superior mesenterlc artery and terminal

aorta for blood flow measurementE was through a nldline abdomlnaL

fnclslon" The origln of the superlor mesenteric artery from the

aorta was located, the overlylng mesenterlc sheath lncised parallel
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to the artery, and the artery carefully freed from its sheath by

blunt digsectlon so as to damage the perlvascular nerves as llttle

as posslble. Exposure of the left renal artery was through a flank

lncislon and a retroperitoneal approach to the renal pedlcle. Thls

was found to allow easy access to the renal artery and ureter wlth

minimal dlsturbance of the kidney and the renal veln, whlch was of

lmportance slnce handling the kidney appeared to lnfluence renal

blood flow. The left ureter was cannulated one to 2 lnches below

the pedlcle wlth a large bore polyethyLene catheter whlch was passed

up to but not lnto the renal pelvis. The tublng emptled lnto a

graduated cyllnder flxed below the level of the anfmal table for the

col}ection and measurement of urlne.

P1asma proteln determlnations were always done on the same

day as the experiment, uslng a modiflcatlon of the gravlmetric method

of Van Slyke et al. (1950). By amanglng the copper sulfate solutions

ln gradatlons of 0.0005 speclflc gravity unlt, a 1% dllution of the

plasma proteins could be detected.

Henatocplts v¡ere determined ln dupllcate on well*mixed

arterial bl-ood uslng microhematocrit tubes centrlfuged for 5 minutes

at 11,000 RPM in an Internatlonal nlcrohematocrlt centrlfuge. Centri-

fugatlon for 10 mlnutes did not further decrease the hematocrlt reading.

All hernatocrlts reported are uncorrected for trapped plasma"

Plasma voLume determinatio¡rs were carried out by the indlcator

dtlution method uslng I131 tagged hunan serum albunln (nfSe¡. An

arterlal blood sanple was taken just before the lnjectlon of RISA

and at 8, 16, 24 and 32 minutes after the lnJectlon. The actlvltles
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of these satnples were plotted on semllogarlthmfc graph paper and

a line of beet flt, determlned by the ¡lethod of least squares, was

extrapolated to zero tlme. The zero time lndlcator dllutlon was used

to calculate the plasma voh¡¡ne. The volume lnJected was determined

from the change ln welght of the syringe, and the number of countg

injected from suitable standards.

. Blood flow measurementg were carrled out ln the renal'

superior mesenteric and terminal aorta (hindquarters) vascular beds

uslng a sine-s/ave electromagnetfc flowmeter (Medequip¡nent Co. ). A

range of probe sizes was avallable so that a good approxLmatLon of

the artery and probe waÉ¡ alqrays posslble. The flowmeter was cali-

brated ln vltro wlth blooA ana saline and ln vlvo on the fenroral

artery. The flowneter output varled less than 5S when the hemato-

crit was varled fron O to 7Olo, so changes in hematocrit were ignored

1n calculatlng blood flows. In prellmlnary experlmentsrzeto flow was

checked frequently by both etectrical and mechanical methods, but

slnce these values had a constant relationshlp, only electrical

zero $'as used durlng the course of each of the reported thock exper-

lments. The determlnatlon of mechanical zero requires reopening

the dog and stopplng the blood flow for a tLme, and lt was felt that

thls rnlght alter the cotrrse of the shock process" Ilowever, electrical

and mechanl-cal zey.og were compared at the beginning of each experiment

and at the tine of death; in every case, electrlcal and mechanical

zero colncided. Mean flow was monLtored, uslng electrj.cal lntegratÍon,

and the flows and blood pressr¡res (deternined wfth a Statham P 23^

transducer) were recorded on a Grags Model 5 Polygraph. In most
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experimentsrblood flows to 2 vascular beds, and ln somerthose to 3

vascular beds rvere measured. The flowmeter handled only one lnput

at a time, but it was possible to swltch the probe lnpute mechanl-

calty so that each blood flow was sampled lntermlttently. The probes

were coupled to a relay whlch made it possible to sanple each of

three flows up to twice a minute. Generally, somewhat longer lnter-

vals were used.

Hemorrhagic hypotension was produced and maintained wlth

Beckrs (1954) modlfication of the reservoir technique flrst descrlbed

by Lamson alid Deturk (1945). The dog's blood was rendered lncoagul-

able with heparin, 5.0 w/kg lntravenougly, and a further 1.O ngÆg

was placed in the glass ¡toäa reservoir. The dog was allowed to

bleed from a femoral or brachial artery into the reservolr, whlch

consisted of an inverted l-liter cylinder with 1o ml graduations'

The rate of hemorrhage was controlled wlth a screw clamp on the tubtng

between the dog and the reservoir. oxygen was contlnuousiy bubbled

through the blood in the reservoir at a carefully controlled pressure'

This served not only to keep the blood ln the reservoir well mixed

and oxygenated, but also to control the anlmalrs artertal BP durlng

hypotension. If the dog's arterial BP tended to rlse to a level

greater than that 1n the reservoÍr, additional blood was forced i'nto

the reservoir bringlng the arterial BP down. converSely, lf the

arterial BP tended to fatl below the pressure. in the reservoir,

blood was forced back into the dog" In thls manner2the dog*s ar-

terial BP was held wlthin one or 2 rmt ilg of any deslred level , and

any tendency for it to change was recorded as a change 1n the vol'ume

of btood in the reservoir"
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The dogs.were bled over approximately 30 mlnutes to a

predeterminedBP,inmostexperimerrtseither3SorS0mrnllg,and

maintained at thls level until death, or untll all blood remalnlng

iD the reservior was rettEned to the animal, depending on the re-

quirements of the experiment. In experiments involvlng blood flow'

measurements, the dogs were helcl at a BP of 50 mm IIg' slnce they

lvere more sensltive to the deleterious effects of hypotenglon as a

result of the exte¡rslve s\rrgery reguired to lmplant the probes'

AIso, in the case of smaller dogs., bloocl f low to the kidney at a

pressureofsSmmHcoccasionallybecametoolowtomeasureaccur-

ately (less than 10 niI./min).

The volume of blood in the reservolr at any tlme during

an experi¡nent 1s referred to ag the "bleeding volumett, expt'egSed in

nfr/kg. The volume of blood in the reservoir when the BP flrst reached

the precletermined hypote'sive level 1s referred to as the "initíal

bleedi'g volume" (IBV), and t¡e largest volume of blood ln the reser-

voir at any tlme during the course of a procedure aS the ttmaxlmum

bleecting volune" (MgV). During the interval between the IBV and the

ilfBtbloodrvascontinuouslyremovedfromthedogtopreventtheBP

from rising. This is the "compensatoryrr stage of shock described

above" After reaching trlB$ tlre dog requlred continuous relnfusion

of the shed blood to prevent its BP fron faltfng. Thls change from

removal to upt,ake of blood 1S referred to as "reversaltt, and the

return of blood to the dog without a change 1n arterial pressr¡Ite

is termed "uptake of blood". The interval followlng reversal durtng

which uptahe of blood occgrred is the "depompensatoryfi Stage of shock'
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In some experlments, all of the blood remalning ln the reservoir at

some specified time was returned to the anlmal intra-arterially under

j.ncreased pressure, a procedr¡re which is referred to ag "relnfusl-ont'.

All means are reported with the standard error (s.8.) of

the nean. Un}ess otherwise indtcated, all P values reported were

calculated from the Student "t" test for palred data. The deslgna-

tion "n.s." in the tables denoteg differences whlch were not statlstl-

cally slgntficant at t}re 57o level.
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SPECIFIC EXPERIMENTS' RESULTS AND æMMENT

A. The Mechanism of Circulatory Decompensatlon

during Hemorrhagic HYPotengion

(Sectione I to XI)
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Section I

Relatlonshlp of Hemoconcentration to Decompensatlon

during Hemorrhagic HyPotenslon

Henodilution, resnlting from a movement of fluÍd lnto the

vascular space, is a well doct¡mented response to hemorrhage in both

experlmental anlmals and man. The converse, hemoconcentration, has

often been described in associatlon with the shock syndrome' but lts

presence has been deuied in shock associated with hemorrhage (Moon,

I942i Wlggers, 1950). The following experÍments were carrled out to

determine whether hemoconeentration ls demonstrable in shock induced

by hernorr.hage, and whether any relatlonshlp exlsts between the devel-

opment of decompensatj.on and changes in lntravascular vo|.me.

Methods

Eleven dogs were bled tnto a reservoir as described under

geleral methods. the flrst four dogs were carried through a nodifl-ed

\trigger'.s technique that had been ln use in this laboratory. The dogs

were bled over 30 minutes to a BP of 35 rnm Hg, and held at thls level

for 50 minutes. Thls was followed by 3O mlnutes at 60 nm iþ and then

by a 2-hour interval during wtrich the connectlon between the dog and

the reservoir was clamped off" Becauee the BP changes durlng the

various stages of this procedure made lnterpretation of the experi-

ments difficult, another type of protocol was adopted for the next

seven dogs" In these experiments the dogs were bled to a BP of 35'

45 or 55 nTn tþ and maintained at this level until death. Arterlal
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blood samples were taken every 15 minutes for the

plasma protein concentration and hematocrit.

determlnatlon of

Results

The results shown in Fig. I are typlcal of those obtalned

using the second protocol described above. The results for the

group are similar in all respects to those shown ln Tables I to VI'

but the averages are not presented because several different levels

of hypotension were used in tbese prellnrlnary ex¡reriments.

In every dog, the plasma proteln concentration began to

fall within minutes after the onset of hemorrhage, and continued

to decrease after IBV was reached. At MBV, the plasma protein con-

centration stopped falling, and coincident with the onset of uptake

of blood (reversal) tne plasma protein concentration began to ln-

crease, and gener.ally exceeded the prehemorrhage level c/lthin 20

to 60 mlnutes after reversal. After an increase of varlable magni-

tucle, every dog showed a change in tbe slope of the plasma protetn

curve from the early rapid rise to a much more gradual rate of ln-

crease. This biphasic increase of plasma protein concentration

after reversal occurred in spite of a relatlvely constant rate of,

uptake of blood from the reservoir" In the experiment for wbi-ch

data are shown ln Flg. lrthe lnltlal protein concentration was 5'87

g/LOO mI and fell to 5.38 g/1O0 ntl at MBv. The slope change occurred

lretrveen 6.95 and 7,o4 g/LOO ml, at an uptake of 13.2 nl/l<e (2v.3% of

MBV). Usually the slope change occurred somewhat earlier in the

course of the experlment, at uptakee between 10 and 25% of ItrBY,
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Figure 1. Associatlon of Decompensatlon, uptake of Blood and

Hemoconcentration Durlng Hemorrhaglc Hypotenslon. Dog was

maintained at an arterial pressure of 35 mm Hg until death,

and showed typical changes in bteeding volume, plasma protein

concentration and hematocrit (Hct.). "IBV" 1s the initial bleeding

volume, the volume of blood removed to reduce the arterlal pressure

to the predeterrnined hypotensive levet. 'ï48V" 1s the maxlmum

bteedlng volume, the maxlmum volume of blood removed from the animal

at any time durlng the procedure. "Reversal" (vertlcal line) is the

point at which uptake of blood from the reservoir became necessary to

prevent the arterlal pressure from falllng' and corresponds to the

onset of deconPensation.

['" 
nrr' '*
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changes ln hematocrit following hemorrhage were more comp-

Iicated than the changes 1n plasma protein concentration. All the

dogs showed an initial increase in hematocrlt of vartable duratlon

beginniDg shortly after hemorrhage started. In Flg. 1,lt can be

seen that the hematocrit had risen fron 40 to 47% withln 15 mlnutes

of the onset of hemorrhage, and had reached an early peak of 56$

withÍn 45 minutes. At IüBV the hematocrit had fallen to 52% in thls

dog. In all experiments, the hematocrit began to increase again

after reversal and, when the slope of the plasma protein curve changed,

the hematocrit increase showed a parallel tendency. The parallellsm

of the hematocrit and plasma proteln concentration changes after re-

versal is evident in Flg" I.

Comment

A very conslstent relationshlp between the dogsr cardlo-

vascular status after hemorrhage and changes in plasna proteln con-

ceDtration was observed. The period of compensatlon was always

associated rvith hemodilution, as indicated by a decreasing plasma

protein concentratlon. Hemodllutlon after henorrhage has been de-

scribed nany ttmes, and has been demonstrated to be due to an i¡r-

flux of a low-proteln fluld lnto the vascular space. The observa-

tion that hemodilutlon always ended preclsely with the compensatory

stage was a new finding whlch suggests that the compensatlon ls due'

at Least in part, to the intravascular movement of fluld tending

to make up for the loss of blood" The increase in hematocrlt during

this early stage ln the dog has been shown to be due to splenlc

contraction, and appears to be another comPensatory mechanlsn (IYiggers

f950). The hematocrit Íncrease v/as sufficient to maslç the presence
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of a considerable irìtravascular shift of fluid ln every case.

An observation not previously reported was the associatfon

between reversal and increasing plasma protein concentration. The

Iatter could lr,ave been due to movement of protein-poor fluid out of

tire vascular space, to movement of proteln lnto the vascular compart-

ment, or most sinply, to the return of blood from tbe reservoir which

had a protein concentration greater tha¡r that ln the vascular space.

$rhile the }atter possibility could not explain the proteÍn concentra-

tiou rislng to values greater than initial, it could conceivably

account for the immediate temporal associatlon of protein concentra-

tio¡r increase and uptake of blood. However, eve¡t durlng uptake of

tlre f irst LO% of tlre shed btood foltowing reversal, the amount of

"excess" plasma proteln received by the animal would be entirely

inadequate to account for the increase observed. Using values for

ilritial plasma volume and for movement of protein into the vascular

space determined on a sÍmilar group of animals (Section V), it can

ire shown that the differential in protein content between the plasna

in the reservoir and that in the dog would have to þe at least 10

ti¡nes as great as the maxlmum observed difference (initial concen-

tration - concentration at MBV) for tbis explanatlon to be satls-

factory.

Section II

Early Hemoconcentratlon

Uptake of
in the Absence of
Blood

The quantitative consideratione mentioned above made it

unlikely that hemoconcentration was lnltiated by the uptake of
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relatively protein-rich blood from the reservoir. However, because

of the possible important theoretical lnpllcatlons of the precise

temporal correlatlon between the onset5 of hemoconcentration and of

decompe¡sation, the following experlments were undertaken to pro-

vlde a final check on the possibillty that the early proteln con-

centration increase seen after reversal nrlght 1n some way be related

to the uptake of blood from the reservoir-

llethods

seven anesthetized dogs were bled to an arterial pressure

of 45 or 55 mm Hg, as previously described, attd maintained at this

pressure unti.l reversal was detected by the uptake of 2 to 3% of the

slred blood. The tubing connecting the blood reservoir to the dog

was the¡r ctamped off, and the dogrs arteri.al blood pressure allowed

to change spontaneously. Arterial blood samples were taken every

I5 minutes before clamp off, and at 5 to to-mlnute intervals there-

after for the determination of hematocrit and plasma protein con-

centration.

Results

TheresultsforthisgrouparepresentedlnTablel,and

those from a typical experlment are gbown 1n Fig. 2. After "clamp

off", the Bp fel1 progressively in al1 dogs and death ensued in 2O

to 50 mi¡ruteS. In every case, the plaSma protein concentratlon and

hematocrlt increased steadÍIy after clamp off, desplte tbe fa11lng

arterial BP" The increases in plasma proteln coucentratlon and hem-

atocrit are evident in Fig. 2, where the period during which the

animal was dlsconnected from the reservoj-r is lndlcated by the
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CONTROL
CLAMPED

BLOOD

PRESSURE

mm Hg

BLEEDING

VOLUME

ml/ Kg

25

PLASMA

PROTEIN

gm ole

"5 1

TIME IN HOURS

Figure 2. Effect of Preventlng Uptake of Blood on the

Development of Hemoconcentratlon. Note the progressive

increase in plasma protein concentratlon in the absence of

any change in bLeeding volume and despite a falling arterial
pre ssure.
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constantbleedingvolr¡me.Theinitialplasmaproteinconcentration

was 6.02 g,/1OO m1', this feII to 5'65 g,/1OO ml at MBV' and rose to

6.39e/LoOmlbeforedeath.Thelatterchangeoccr].rredduringthe

period when tlrere was no exchange of blood betwee¡r the bleeding

reservoir and the dog.

Comment

It Is evideut from these experlments that the rise in

plasrnaproteirrconce¡rtrationandhematocritafterreversalseen

in the animals described in Section I, was not due to relnfusion

of protein and erythroeyte rich blood" Whatever the cause of the

progressive hemoconcentration after reversal' it overrldes the ef-

fectofthefa}Iingarterialpressure,which,otherthingsbeitrg

equal, would tend to }ower capillary pressure and thus produce in-

travasation of fluid (hemodllutioir)' It ls also apparent that

after reversal, the dogs are iD a state of serious cardiovascular

decompensation' since prevention of uptalçe of blood at tfiis time

Iedineverycasetoafal}irrgarterialBPanddeathinlessthan

one hour, generally wlthin 30 minutes' In contrast' experiments

to be reported below (section IX) will demonstrate that clamp off

before reversal is associated with an increasing BP and the possi-

bilityofsurvivalwitl¡outthereinfusionofanyoftheshedblood.

The relative changes in hematocrit and in plasma protein

concentrationnotedintheseexperimer¡tsareofsomeinterest.

Hematocrit tended to increase until IÍBV (ave' 4'8%> ' whereas the

prasma protein concentration ferl (ave. L2%). However, the increases

af ter MBVrvere almost j-dentica] , 8'2% for plasna protein and 8'0%
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These f indings conf irin the

concentration a¡rd hematocrit

Section I.

paraIlel clranges in

after MBV noted in the

Section IIl

Effects of Adrenergic Blockade on Responses

to Hemorrhagic HYPotension

Situationsrvhichincreasesynrpatheticnervoussystemact-

ivity generally potentiate the lethalfty of shock-inducing proce-

du¡es. (See Nickerson and Gourzis, L962.) Conversely, adrenergic

blocl'.ade decreases the lethality of various shock-inducing proce-

dures ineludiug hemorrhage (Gourzis et aI., 1963)' (See the Review

of the Literature for a more .ornprutl¿f.t""ro' and references.)

Ålso, the sympathetlc nervous system control of the precapillary

and postcapillary vascular. resistances can influence ftuid shi.fts

acrossthecapil}arywallbycontrollingthenumberofcapiliaries

perfused and net capillary pressure (Mellander, 1960). The follow-

ing experiments were undertaken to explore the effects of adrenergic

bloclcade rvith phenoxybenzanrine on the responses of dogs to hemorrhaglc

hypotension.

ii{ethods

Eightpairsofdogswereb}edover30minutestoaBPof

35nrmiþ,andheldatthisleveluntildeathorforShours.one

of eaeh pair was pr etîeated rvlth phenoxybenzamine (POB), 5 mg/kg

intravenouslyrgivenapproximatelylShoursearlier'Theanlmal
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of each paj.r to be pretreated was selected by a toss of a coin'

Experiments were carried out by two individuals who alternated 1n

thepreparationatrdmarragementofthepretreatedandcontro}dogs.

ArterialbloodsamplesweretakeneverylSminutesforthedeter-

mi¡ration of hematocrit and plasma protein concentration, and BP

and bleeding volume were recorded at S-minute intervals'

RestiI-us

The results for this group are presented in Table II

arrdthosefromatypicalexperimentareshorvninFig.3.There-

spollses of the corrtrol dogs were the same as ¡roted in Section I,

lrrc}udinghemodilutionuptoreversal,whi-chalwaysoccr¡rredrvithin

60 minutes after reaching ItsV. After reversal, the relatively rapid

uptake of blood from the reservoir was associated with the rapid

development of marked hemoconcentratlon' AIso' as described in

Sectionl,there\,vasaclearlyevidentchangeintheslopeofthe

plasma protein j-ncrease after reversal in every case' The data on

hemoconcentration from 26 appropriate control animals from the exper-

imentsreportedinSectionsltolllaresummarizedinTablelll'

which also shotvs survival durlng the perlod of maintained hypotension'

The first deaths occurred between 5 and 10 m\'lkg uptake and the

mortality was 73le by the ti'ne a" uptal(e of 3O mL/kg was reacheo'

TbedifferencesbetweenaPoB-pretreateddoganditscon-

trol shorvn in Ftg" 3 were seen ii'r. all pairs. (see Table II.) The

initialcompensatoryphaservasconsiderablyprolongedirrthepre-

treatedanimals.TlrecontroldogsreachedMBVín42.2!9.2min

aft,er the IBV tvas reached, wbereas the PoB.pretreated dogs compen-
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BLOOD

PRESSURE

mm Hg

BLEEDI NG
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PROTE I N
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45
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Figure 3. Effects of POB-Pretreatment on the Course of

Hemorrhagic iìypotension. Paired control and PoB-pretreated dogs

bled to an arterial pressure of 35 mm Hg and held at this Ieve1

unt1l death or for 8 hours. Note the'longer survlval, slower

uptake of blood and slower hemoconcentration of the pretreated

animal

CONTROL D 27

POB- PRETREATED
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sated for 1II.4 + 18.7 mj.n. In addition, the POB-pretreated dogs

stayed at it{BV for some tine before the onset of uptake of blood

from tlre reservoir, tvhereas control clogs always began to take up

bloocl rvithin lS minutes after reaching NIBV. When the POB-pre-

treated dogs began to take up ÞIood, they did so at a much slower

rate than did the controls. This was associated with a much I0nger

survÍval, 375 t 27.6 min' as compared to 1?8'9 + 30'5 min for con*

trol animals. Actually, survival tj'me of the POB-pretreated dogs

wasunderestimated,4oftheSbeingalivewhentheexperiments

were terminated after 8 hours of hypotension. These 4 dogs rvere

included as B-hour survivals in calculating survival time'

Thepreìremorrhageplasmaprotej.ncotrcentrations,andthe

plasma protein concentrations at NÍBV rvere not significantly differ-

ent in the two groups (Table II). llowever, after reaching ÌvBV, a

considerable difference becarr¡e apparent. The plasma proiein con-

centrationdidnotincreaseduri-ngtheintervalbetrveenreaclring

lr{BVandtireonsetofuptalieinthePoB-pretreateddogs,andinpar-

alIel rvith their very slorv uptake of blood, t,he plasma prote:.i con-

centration increased only very slowly' AIso, a clear change of

slope in the plasma protein concentratlon iucrease lvas never appar-

ent 1n the POB-pretreated animals'

Tirerelationslripbetweenihevoltl¡¡reofbloodinthereser-

voir ancl the change in plasrna proteitr concentration is shown in Fig' 4

-for the saiae representative experiment iltustrated in Fig. 3' Tiris

plot facilitates comparison of the PoB-pretreated and control dog 
'

since ti¡ne is eri¡ni¡rated as a parameter. It is apparent that protein
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O CONTROL D 27
+ POB-PRETREATED D 28

- 
duflng HEMORRHAGE

---durlng DECOMPENSATION

FiËure4.RelationshipofBleedingVolumetoPlasmaProtein
Concentration. Data from the same palr of dogs shown in Fig' 3;

much more time 'ù,as required for the recorded changes ln the POB-

pretreated than in the control animal" Solid lines represent

determinations durlng bemorrhage and dashed llnes during uptake of

blood from the reservoir (decompensation). POB dfd not change the

relatlonshÍp except that lt elirntnated the late phase of uptake of

b100d without concomitant hemoconcentration seen in the control

animal
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concentration began to increase in assoclation with the onset of

uptake of btood from the reservoir in both dogs, rising to levels

exceecliug those before hemorrhage when 2olo or less of the blood

had been taken up. Horvever, it is clear that the ctrange ln the

stope of lncreasing protein concentration that is evident ln the

response of the control clog, did not occur ln the PoB-pretreated

anilnal.

The increase in hematocrÍt always seen shortly after

hemorr.hage in control dogs did not occur in PoB-pretreated animals'

Their hematocrlts fell with hemorrhage, ancl ln general, paralleled

the changes j-n plasina proteln concentration.

The maximr.¡:n bleeding voh:rnes were not different in the

two groups, 52.r t 1.? nrl,/kg 1n tl¡e control and 5] '2 t 3'6 nL'¡lkg

in the PoB-pretreated group. Horvever, an increased sensitivlty to

hemorrhage in the latter was seen in the fact that they required

orrly a 4.L X 2,2 m]-/kg, hemorrhage to produce the inltial 20 mn IIg

fa1l in BP, whereas the controls required 19.0 t 2.2 m]-/L<g. Also,

tbe inltial þIeeding volumes Y/ere smaller in the PoB-pretreated

group (SS.f t 1.5 rnl,/kg) than in the controls (45.1 t I.9 urlr/Içg).

The difference between the IBV and the MBV (the "secondary bleeding

volune") was therefore 16.1 ml,/kg in the POB-pretreated and 7.0 nlr/kg

in the control group.

Corn¡uent

Pretreatment with

the citanges associated with

Pretreated dogs conPensated

phenoxybenzarnine considerably altered

hemorrhagic hypotension in the dog.

for a lottger time, decompensated much



-50-

more slowly and lived longer, 4 of I belng alive after 8 hours of

hypotension. Hemodilution was prolonged ln parallel witb the pro-

Iongedcompensation.Therelationshlpbetweenuptakeofbloodand

hemoconcentration seen in the controls was also evident in the POB-

pretreated dogs, but lts time course l,vas very di-ffere¡rt. Durlng the

long periocl after MBV, before uptake began in the PoB-pretreated dogs,

no he¡noconcentration occurred. once uptake did begln, it progressed

very slowly, as did the hemoconcentration. Finally, the slope change

in the plasma protein concentration increase characteristic of the

response of controls, was never evidelrt in PoB-pretreated dogs.

wh1le a slope change nigtrt bave been difficult to see when the changes

werep}ottedagainsttime,becausetheyoccurredsoslowlyinPoB-

pretreatedclogs,itsoccurrenceshouldhavebeenapparentl¡lthe

plotofuptal<eversusplasmaproteinchange,wheretimewasnota

factor (fig 4).

The failure of the he¡natoerit to rise initially with hem-

orrhage in POB-pretreated dogs lends support to previous suggestions

that the hematocrit iilcrease asgociated with hemorrhage in the dog is

due to splenic contraction (\Yiggers, 1950). This has been shown to

be nrediatecl Þy sympathetlc nerves and to be blocked by phenoxybenzamine

(Green et al., 1960). It seems very }ikely that this early hematocrit

increase obscured the relatlonship between uptake of blood from the

reServoir ar-rd hemoconcentratlon in many previous Studles'
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Sectlon IV

Effects of Noradrenalirre Infusion on the

Course of Hemorrhagic Hypotension

Althouglrphenoxybenzamineisarelativelyspeclficadren-

ergic blocliing agent, it is also capable of blocking responses to

other motìoar¡lines which might be released in response to hemorrhage,

notably histamine and serotonin (S-hydroxytryptanine). The follow-

iirg experiments were carried out to determine whether a noradrenallne

infusion during hemorrhagic hypotension would induce changes opposite

to tirose due to phenoxybenzamine. If changes in the opposite direc-

tion clid occur, they would lend support to the hypothesis that the

modificati.on of ltemorrhagic hypotension by PoB was due to adrenerglc

bloct<ade,anclthusirrrplicatethesympatheticnervoussysteminthe

development of the phenomena under investigation'

Metlrods

oneofeachofTpairsofdogswastreatedwlthaninfus-

ion of noradrenaline. The drug was dissolved in saline (200 pg of

base/ml) and lnfused lntravenously at a rate of approxirnately 1'0

þg/t<g/min from the time the dog reached its IBV until death. The

control dog was simultaneously given an intravenous infusion of

salirreinavolumeequaltothatreceivedbythenoradrenaline-

treated dog. The volumes infusecl were only approxlmately 0'005

m}/\<g/m.rn, e.Ë., 3 rnI,/hr to a 10 hg dog' Arterlal blood samples

rvere tal<en every I5 minutes for plasma protein determinations as

in the experiments clescribed above'



-52-

Results

TlreresultsforthisgrouparepresentedinTablelV'

and those from a typicat experiment are shown in Fig. 5. The con-

trol dogs respondecl to hemorrhage essentially as did those described

ln Sections I anc¡ III. Howover, the noradre¡raltne infuÉion increaEed

the rate at whicb the dogs passed thror'rgh the various stages of hem-

orrhagÍc hypotenslon without changing elther the bleeding volrunes or

tire characteristi.c plasma protein chartges. The period of compensa-

tioir te¡rded to be shorter in tire iroracìrenaline-treated dogs, 6 of

tlre 7 reaehi¡g reversal before their paired controls; the interval

between IBV and L(BV was 38.6 È 7.7 mjn in the noradrellaliue-treated

dogs and 5o.7 t 4.2 min in ttte controls. During decompensation'

tire treated dogs took blood back from the reservoir at a much greater

rate (I5. 6 ! 2.5 m:J'/I<g/l'tr) than tlre control dogs (8.S t 1.6 mllkg/hr).

Uptal(e was associated with equal degrees of hemoconcentration, but

it occurred much more rapidly in the treated anÍmals. The noradren-

aline-treated dogs also died after a much shorter period of maintained

hypotension (tZZ.g t 15.5 min) than did the controls (199,3 ! L6.2

nin).

Comrnent

Noradrenaline infusion produced changes in the course of

hemorrhaglc hypotension in the dog opposite to those induced by

pretreatment with phenoxybenzamine. The latter coilsiderably pro-

longed the period of compensation, vhereas noradrenaline infusion

tended to shorten j.t. Phenoxybenzamine-pretreated dogs stayed at

iviBV for some time before uptahe began, and then took back blood
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D. ¡5
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Figure 5. Effects of Infusion of Noradrenaline on the course of

Hemorrhagic Hypotension. Palred dogs infused with 0.9% NaCl

solution witb and without noradrenaline, beginning at IBV. Note

thatchangesinallparametersareacceleratedbythenoradrenaline.
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veryslow]y.Conversely,noradrenaline-treateddogsreverseda-

bruptly, ancì tool< back blood at an accelerated rate. In parallel

with the above changes, POB-pretreated dogs tended to hemoconcen-

trate very slowly after reaching MBV, whereas noradrenaline-treated

dogshemocotrcentratedatamuchmorerapidratethandidthecon-

trols. Finally, ÐB pretreätnent prolonged the survlval of ttre

dogs during hemorrhaglc hypotension, whereas noradre¡raline lnfusion

led to much earlier cleath. The results wlth noradreDaline indicate

that the changes tn the course of hemorrhagic hypotenslon in the

dog induced by PoB pretreatment were in fact due to its activity

as an adrenergic l¡locÌ<ing agent. This, in turnrsuggests that the

activlty of the sympathetic nervous system is involved i¡r the de-

velopment and progressior-¡ of the clecompensatory stage of hemorrhagic

hypotension. It should be notecl that the dose of noradrenaline in-

fused (I.0 ¡rg,/kgrzmin) is relatively small. Maximal adrenal catechol-

ami¡re output appears to be approximately 5. O pS/L<C/min (Cellander,

1954).

TheparallelÍsmofuptai<eofbloodfromthereservoirand

hemoconcentration noted in untreated dogs was also seen in ciogs in

rvhich the onset and rate of uptake were changed by the adminlstra-

tlon of either pirenoxybenzamine or noradrenaline, further suggesting

that hemoconcentration and uptake are related'

Section V

Plasma Vo1ume Changes dtiring Hemorrhagic Hypotension

As was suggested above, the progressÍve

teirr concentration aft,et reversal could represent

rise of

loss of

plasma pro-

a protein-
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poor fluid fro¡n the vascular space, entrance of protein at a greater

rate than water into the vascular space, or tlle infusion of protein-

rich blood from the reservoir. The last possibilj.ty rvas ruled out

by calculation aird by the experiments presented ln section II. The

para}lel rise of hematocrit a¡rd of plasma protei-n colrcentratio¡r fol-

lowing reversal suggests that the iucrease refl'ects the loss of an

uttraf iltrate of plasma fror¡ the vascular eompartruent' Plasma volrune

cleterminations using radioiodinated serul¡l albumin (nfSg') were carried

out to assess this PossibilitY"

lif ethods

Eleven pairs of dogs were carried through a period of

hemorrhagic hypotension at 35 Inm lIg, as described previously. As

in the experimeuts described in sectiolr III, one of each pai-r had

been pretreated rvith phenoxybenzamine, 5.0 mg,/}<g intrave¡rously,

approximately 18 hours before study' Al'1 bLood remaining in each

reservolr rvas reinfused when the control dog of a palr had taken

up35to45%ofitsMBVtofacilitatestudyofthelaterstagesof

slrock. Four cleterminations of plasma volrtme were carried out with

RISA ou each clog, using the technique described under General Methods'

The first determination was dolre before Tremorrhage, the secondr30

minutes after reaching IBV, the third, rvhe¡r the control dog had taken

up25%ofitsMIBV,andtirefourtlr,30minutesafterreirrfusionofa}l

shed blood. TIre plasna volumes reported for the second and third

cleternrinations include the volune of plasma in the reservoir at that

time, calcu}ated fron the volume and he¡natocrÍt of the blood in the

reåervoir. Serial plasma protein concentration and hematocrit deter-
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minationswerecarriedoutasinpreviousseries.

Results

The results for this group are presented in Tables V and

Vlandthosefromarepresentativeexperinrenta]^eshowninFig.6.

The course of Ï¡emorrhagic hypotension in these animals resembled

that seen i.n previous groups' POB-pretreated dogs compe¡rsated for

alongertime,stayedatÀIBVforsometimebeforereversal,andthen

decompensatedniuchmoreslowlythandidthecontrols.Aconstarrt

relationshipbetweentheonsetofdecompensationandofhemocorrcen-

tration was also evldent in this group'

I{easured p}asma volume Íncreased in I0 of the Il control

dogs foll.owing hemorrhage (Table V), rising from 49'2 t 2'7 tttL/ke

to 55. g ! 2.6 mlrlkg 30 mlnutes after IBV" This was associated

withafatlinplasnraproteitrconcentrationtneverycase.Bythe

time 25% of the IiÍBV had been talcetr uP, the plasma voltune had returned

to49.0+3.3101/lrg.Thj.sdec}ineprogressedandatthetineofthe

finaldetermination,30minutesafterrelnfusionofallshedblood'

plasmavolumeofthecontroldogshadfallento36.6t3.3ml,/ke.

POB-pretreated dogs hacl an initial plasma volume of 55'8

È 3.1 nl/hg, signficantty greater than that of the control group'

Theincreaseinplasmavolr¡rne30minutesafterreachinglBVwassim-

ilartothatinthecontrolgroup,to63.St3.Sml/kg.However'

at the time the controls haci reached' 257o uptake' anci had returned

to their initj.ar plasma voltunes, the PoB-pretreated dogs still had

aplasmavolumeof6l.2t4.5nrl/i<g,which\¡/asnotsignifi'cantly

Iessthanthevolrrme30minutesafterlBV.Thirtyminutesafter
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Figure 6. PIasma Volume Changes during Hemorrhagic Hypotension in
Control and POB-Pretreated Dogs. Paired dogs, both of which were

reinfused rvith all remaining shed blood rvhen the control animal had

spontaneously taken up 40% of Ir,lBV. Note that the measured plasma

volume of the control animal fel1 markedly during the last interval

without i:rogression of the hemoconceutration. The PO!-pretreated
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reinf usion) the plasma volì,rne of PoB-pretreated dogs had returned

to the prehemorrhage volurne (54.4 t 3.9 mlrlkg).

The differense in the courses of the control and pretreated

dogs rvas also eviclet1t in the number of dogs in each group alive at

each stage of the procedure. By the time 25% uptake had occurred,

2 of íne 11 control dogs were dead, and 4 were dead 30 mi¡utes after

reinfusion of the shed blood. In contrast, all of the 11 POB-pre-

treated dogs lived to the end of the experiment'

As described in section III, the degree of hemodilution

was simitar in the trvo groups (Table vI), but in the control dogs,

hemoconceDtration began earlier, progressed more rapldly and reached

a level significantly higher than the inltial concentratÍon (7.10 t

o.zL g/LOO mI vs. 6.42 t O.LZ g,/LOO mI). In the PoB-pletreated

dogs, the final plasrûa protein concentratlon (6.76 t O.23 g,/l}0 rnl)

was not sì.gnif icantly greater than that preceding hemoffhage (6.52

t 0.21 g,/100 n¡1).

Reinfuslon of the shecl b100d raised the BP of the control

dogs to a maximu¡n of 100. L *. 2,8 rnm Hg, or 65.8% of the level before

hemorrhage (fante V). One hour after reinfusion, the BP of the anlmals

still alive had fa1len to 78.3 + 8.6 mrn IIg, bI% of their initial

value. The maximum BP reach'ed by the POB-pretreated dogs was I05'8

t4.5nnIþ,84%oftheirinitialBP,andanhourlatelitwasl0l'1

t 7 .O mro IIg.

Ttreplasmavolurnefol}owingreinfusiorrofalltheshed

blood measured in each dog is plotted in Fig. 7 against the BP

at that time, expressed as a percentage of the prehemorrhage value.
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TABLE VI

In Plasma Proteln
tn PoB-Pretreated

Concentratlon
and Control Dogs

Bleedl Volume (rn Uptake of Blood 
-IBV

39.2
+ 2.7
îg )*

31. I
+ 1.9
înI

o. 05

MBV

49.5
+ 2.6

(e)

43. 3
+ 2.6
?rrl

n. s.

% of MBV

Control

POB-
Pretreated

18.6
+ 2.7
-(7)

6.5
+ 3.2
îrrl

o. 01

38.2

14.9

Plasma Proteln conc. (e/roo nl)
Inttt al At IBV At MBV At Plasma

Vol. #3

6. 30
+ O.11- (e)

5.83
+ O.22

( 11)

n. s.

At Plasma
Vol. #4

6,42
+ O.12
îrr)*

6,52
+ O.2l

( 11)

tt. s.

Ð. bc
+ O.13

(11 )

5. 63
+ O.20
-( 11)

n. s.

5. 36
+ O.O3

( r1)

5,42
+ O.21
-( 11)

n. s.

+

7. 10
o.2l
(7)

6.76
o.23

( 11)

n. s.

Control

POB-
Pretreated

+

* Number of Anlmals l-n each group
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POlilf s AT O¡lE HOUR AFTER RElNFUSIOT'

O POB-PRETREATED

O CONTROL

ot

-
¡¡¡
z,
f
Jo

¿
U'

J
o-

BLooo pREssuRE (* ot pne-neuonRx¡ee)

Figure 7. Relationship of Plasma Volume to Arterlal Pressure after
Reinfusion of all Shed Blood. Control and POB-pretreated animals

show the same relatlonshlp, but the latter tend'to bave hlgher
absolute values
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The relationship between plasma volune after reiufusion, and recov-

ery of the BP is apparent in this flgure, as is the difference be-

tween the POB-pretreatecl a¡rd the control animals'

ThedilrrtionofRlsAfollowingheraorrhagewascompared

to tÌre dilutio¡r of pì-asma protein at the time of the second plasma

volume determination (Tab1e VII). The counts,/min in the blank sample

for the seeond plasma volume determination were plotted on tire RISA

decayslopefromtlrefirstdeterminationineachdog.Inevery

case, the counts 30 minutes following hemorrirage feI1 below the ex-

pected value on the decay lj-ne, sÌrowing hemodilution, which rvas also

indicaied by the plasma protein determinatio¡rs. The dilution of

the P.ISA 3O nrinutes foilowing iremorrhage was 22.2 t 3.2%, whereas

the total plasma protein dilution ivas only I4'7 ! I'3%' a highly

significant ciifference (P ( 0.005).

Coronent

Tihecoursesoftilecontro}andPoB-pretreateddogsin

tlris series were siurilar to those seen in the previous e,-(perinrents.

I¡r this grol-lp, horvever, it rvas possible to compare the responses to

reinfusion of the shecì blood after identical periods of irypotension.

The troB-pretreated anirnals reaclred 85% of their i-nitia] BP after

reirrfu.sion, and were sti}l at BL% oue hour later. The sevell contro]

dogs still alive at the tinre of reinfusio¡r reached a BP only 66% of

tlrat before hemorrhage, and this had fallen to 5L% one hour later.

There was a clear positive correlaiion i¡etween the recovery of BP

and tìre plasma volo¡ne after relnfusion'
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TABLE VII

Comparlson of the Dllutlon of Total Plasma Proteln
and of Plasma RISA 30 Mlnutes after Hemorrhage

Dllut1on from Prehencrrhage Level (%)

Dog No. Plasma Proteln RISA

I
2

4

5

6

-l

8

9

10

11

T2

13

T4

15

16

17

18

19

13, 3

13. 5

16. 7

15. 8

16. 5

9.7

12.3

12.5

L6.2

2I.O

12.5

9.6

19.8

19. O

11.7

20.3

16. 5

14.5

9.7

2l.o
35.3

2L.2

18,2

12.3

17.8

LT,7

26.O

26.5

16. O

27 .4

t2.8
38.7

18. 3

22,7

20. o

14. 5

16. O

27.3

Mean

S. E.

L4,7

+ 1.3

22.2

+ 3,2
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Ttreirrcreaseinplasmavolumeoccurringshortlyafter

Ìremorrhage indicates that the hemodilution represents a movement

of fluid into the vassular compartment which is low ln protein rel-

ative to plasma, i-n agreement with the flndiÏrgs of many other workers'

(See Wiggers, 1950; Green, 1961.) Since there was a relatively short

irrterval betrveen the onset of hemorrhage and the second plasna volume

determination, the plasma volume replacement was incomplete, and thus

the total was underestimated" From the dilution of plasma proteÍns,

1t can be estimated that the Íncrease in plasma volume due to influx

of low-protein fluid was at least L6.8%. Lewis et aI. (I95O) found a

:-7,L% dilutlon of plasma proteins after a similar hemorrhage in the

dog" Holvever, other. investigators have demonstrated that appreciable

protein enters the vascular space after hemorrhage in the dog, the fluid

entering the vascular compartment having a protein concentration approxi-

mately 50% t:nat of the plasma (Dunn et aI., 1958; Deavers et aI., 1963)'

This finding is in agreement with the present observation that after

hemorrhage, the RISA was diluted 5o.2% more than the total plasma

protein" By combirrlng tlre values for henodilution and protein gain,

itÍspossibletoestlmatethetotalplasmavolumereplacementafter

hemorrhage, 25,2% of 49.2 mL/\<g, of LZ'a nL/ke (61'6 mllkC total at

MBV)forthecontrolanimalsundertheconditionsofthepresentex-

periments. TÏris hemodilution is very similar to that reported by

Deavers -g-t -3L , (1963) , who f ounct a 29% gain in plasma volume af ter

ahemorrhageofsimilarmagnitudeinthedog,associatedwithatr

increase in total circulating plasma proteln of L47o. It should

be noted that the initial plasma volume found by thls group (Hugglns
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et al., 1963) in 372 dogs (49.8 mlrzkg) was very close to that

measured in our animals.

The plasma volume feI1 after reversal, in association with

the onset of hernoconcentration. By the t'íme 26% uptal<e of blood

had occurred, the plasma volume had fallen from 61.6 to 49,O ml/kg.

Since the uptake had been 25% of MBV (+9. S ntr/kg) , L2.4 mL/kg of

blood had been returned to the dogs at that tirne. Therefore the

plasma volume loss (61.6 - 49.Q = L2,6 rnlrlkg) lvas almost identical to

the volume of blood tal<en up from the reservoir. The relationship

betweep uptake of blood and plasma volume decrease is explored in

greater detail in the next section, where data on many more dogs

are available. An extremely high correlation exists between tbese

two parameters.

A,t 25% uptake the plasma protein concentration of the

eontrol dogs had increased from 5.36 * 0"03 to 6.30 t o.11 9,/100 mI,

a L7.6/o increase. From the plasma voltme at MBV and the change in

plasma protein concentration, it can be calculated that the dogs had

lost a r¡rinimt¡1r of 10.8 m\/kg of proteln-poor fluid from the vascular

space. This Índicates that at 25to uptake, at least 89% of the meas-

ured plasma volume deflcit could be accounted for by a loss of protein-

free fluid. The early, rapid hemoconcentratlon that occurs after

reversa] represents, therefore, chiefly the loss of a low-protein

ultrafiltrate from the vascular compartment"

During the interv¿I between the thlrd and fourth plasma

volume determinations in the control dogs, the plasma protein con-

centration continued to increase, but at a much slower rate' (0.S0 t

0.11 to 7.10 È o.2o g/IO0 nl), so that onLy 1fu6/.further hemoconcen-

tration bad occurred. This would represent a loss of 6.0 nrI,/kg of
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proteiD-free ultrafiltrate during the interva]. Ilowever, the plasma

volume decreased a further L2.4 mL/\<g (49.0 t 3.3 nLlkg to 36.6 +

3.3 rnI,/kg) and thus, only a part of the measured plasma volume

loss during this i¡rterval coulci be accounted for by ultrafiltration'

TIre loss of plasma volume during tire period after 25lo uptake there-

fore appears to represent, in part, a loss of whole plasrna' Further-

more, since tlre changes ln lrematocrj.t after reverSal paralleled

those in plasma protein concentration very closely, the decrease

aftet 25"/o uptake appears to involve the loss of whole blood' The

period þefore 25c/o uptake inclucled Iiainly tbe interval before the

chauge in slope of the plasma protein and hematocrit increases

occurred. It therefore appears that the deCreaSe 1n intravascular

volume that occurred before the slope cìrauge, represented the loss

of a lorv-protein ultrafiltrate of plasma, and that after the slope

clrange, lnvolved disappearance of whole blood'

The initial plasma volume Ín the dogs pretreated witb

phenoxybenzarnine I8 hours before the experiment was 55.8 t 3'1 ml/kg'

slgnificantly greater than the plasma volume of the control group,

wlricli was 49.2 t 2.7 mL/lrg. POB lras lreen previously demoustrated

to increase the plasma volume in both the chlck and the dog (williams

ancl Rodbard, 1960; Gourzis, L962)" Eolever, in thelr experiments,

only the early effects of PoB were studied, and the increase in plasma

volume tvas associated rvlth hemodilution, the gain of plasma volume

being quantitatively accounted for by an influx-lof lorv-protein f luid

iirto tire vascular space. However, in the present experiments, it was

found that I3 hours after the administration of pOB, the plasma volume
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remained greater than that of the control animals, but the plasna

protein collcelltrations in the two groups were the same' This

sr.rggeststhatinthei¡rterveningtime.rttrePoB-pretreateddogshad

addedproteintotheprotein-poorfluidgainedearlier,converting

it to normal Plasma.

pOB pretreatment dict not affect the maxlmum gain of plasma

vo}ume after hemorrhage, but sloved the rate of itrcrease, although

thearterialpressuresreached3Snrmllgatthesametimeinthetwo

groups.Thissuggeststhatsomefactorotherthanthefal}lnBP

rvas involved iD the plasna volt¡¡ne gain. Mellander (1960) has shown

thatinthenormalaninra},synrpatheticnervestimulatlonresultsitr

a change in the ratio of precapillary to postcapillary reslstance

suchthatcapi}larypressurefallsandfluidmoveglntothevascular

space.ItispossiblethatPoBpretreatmentinterferedwÍththis

response,and.thuss}owedthiscomponentofcompensation.Noradrenal-

lneirrfusÍonappearecltoproducetheoppositeeffect"(SeeSectio¡l

rv. )

POB pretreatment also prevented the late loss of intra-

vascular volurüe despite identical periods of hypotension' The

possiblemecharrismofthiseffectrvillbediseussedindetailin

SectÍons X atrd XI.
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Section VI

l.oss of Fluid from the Vascular

of Blood from the Reservoir

Quantitatlve aspects of the reLationship between uptake

of lrlood from the reservoir and change in plasma volume provide one

possible basis for evaluating mechanisms responslble for the former.

These will be examined more fully 1n this sectlon, in which the rel-

evant data from a large number of dogs has been combined.

l,{ethods

Thi.rty-three anesthetized dogs were bled to a mean arterial

pressure of 35 mm tsg and carri.ed through a period of he¡norrhagic hypo-

tension as previously descrÍbed. To produce a wide range of plasma

volu¡re changes and of voh¡ues of blood taken up from the reservoir,

the periods of hypotension were varied from 45 to 150 ¡rinutes. The

plasna volume of each cÌog was determined by the RISA dilutlon technique

prLor to heinorrhage and 30 minutes after reinfusion of all blood,..re-

maining in the reservoir. Plasma protein concentration was determined

at l5-rninute intervals as in previous experiments. At the end of each

experiment, the vessels which had been cannulated were tied off, the

incisio¡rs closed v/ith sutures, and the dogs returned to their cages

to determine survival.

Â,esults

In Fig. I

from prehemorrhage

(lower section) the changes ln plasma volume

to the determination following reinfusion of
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all dogs for rvhich the relevant data were avaj.Iable (33 dogs in

this gror"rp ancÌ 18 of those described in Section V) have been plotted

on tlre ordinate and the uptalie of bl-ood on the abscissa, both in rnI,/kg.

TÌrese tr','o parameters are higlily correlated, analysis of variance in-

dicating a P value of 4 0.005. A curve relating lncrease in plasma

proteiir-: coiiceiltration after reversal to uptake of bl-ood in 26 dogs

from the experiraenis of Sectio¡rs I to iII is shown at the top of

l-ig. I for conparison, (See also Tab1e III.)

TÌre dogs in whicli pJ-asrna volr.une \ilas measured by RISA dilu-

tion (Iower part of Fig. 8) rvere divided into tlo gïolrps on the basis

of irp'cal;es greater than or less thai:10 rnlr/l<g. This point of divis-

ion was selected because the slope of the plasma protei.n increase

changecl at approximately tiris uptahe. In the 42 dogs rvith uptal<es

Iess tha¡r 10 rnl/ìig, the mean plasiua volune loss rvas 3.6 i C.8 n1rlkg,

very simi-lar to ti:e ¡rrean uptake of blood fi'om tire reservoir, 3.9 t

0.6 ralrlkg. In the 9 clogs with uptakes exceeding 10 ml/kg, the

averag'e measured plasr-na volu¡ne loss was J-2.2 X L.4 mL/kg, and the

averag'e uptalre 19.0 -r- 0.7 nlr/Ìçg, rvhich is signif icantly greater

than the plasna i.oss (P < 0.0C5).

^^- *^..+9U¡r¡UtV1r U

These resuits shorv a lrigh correlation between uptal<e of

blood from the reservoir ano disappearance of plasma from the vas-

cular cornpartmeirt. It appears that ttptake can be quantitatively

accounteci for try the disappearance of plasma duriug the early phase

of deconpensation, to an uptaxe of approxirnately 10 m\/i<g. After

ihat poilrt, the measured plasma volume loss is less than the uptalie

of blood. ?his cl:ange occurs at approximately the point at which
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PLASMA

PROTEIN
(9m%)

Flgi.ri:es.RelatlonshipofUptakeofBloodtoPlasmaVolumeand
Plas¡iraProteinConcentration.Thelineinthelowerpartofthe
flgure is fitted to the points belorv 10 mllkg uptake; above.this,

uptal<eissignificantlygreaterthanplasmavolumeloss.Noietlrat
tbisdlvisionisatapproxinatelythepointwherehemoconcentratj.on
stops progressing, altirougir uptake continues (upper part of flgure)'

VerticalbarsonplasmaproteincurveindicateS.E.ofeachpoint.
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the increase in plasma protein concentration and hematocri-t changes

to a much slower rate. If uptake of blood represents replacement of

fluid lost from the vascular compartment, as tÀ/as suggested in the pre-

vious section, the measured decrease in plasma volume would be ex-

pectect to account quantitatively f,or the uptake as long as the losg

was of plasma only. However, if whole blood disappears from the

vascular space after the stope change, as is suggested by the paral-

lel changes in hematocrj.t and plasma protein co¡rcentratÍon, the

plasma voLume decrease woulcì be less than the uptake of blood, since

red ceII mass lost to the circulation also must be replaced'

The observations described above are all consistent with the

hypothesis that uptake of bloocl from the reservoir during hemorrhagic

hypoteusion represents replacement of volume lost from the intravascular

compartnent. This loss appears to be initially dtie to the disappearance

of a lorv-proteiir ultrafiltrate of prasma, forlowed by the disappearance

of whole blood. The mechanisms responsible for these two Phenomena wÍÌI

be discussed more fulIy in connection with the observati-ons to be pre-

sented in Sections X and XI.

Section VII

EfiectsofHemorrhageandof\TithholdlngRei:rfusion
on Central Venous Pressure

intheexperimentspresentedinSectiotrll'itwasdemonstrated

that if uptake of lrloocì \,vas prevented af ter reversal , the BP f eII rapid}y

and death quickly eDsued" The decrease in BP was assoclated wj'th a

rapidj.ncreaseirrhematocritandplasmaproteinconcentration.Subse-
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querìt e).i;ref imetlts (Sections V a¡rd VI) demonstrated that the i-ncrease

in plaSma concentratiou after reversa] was due to the losS of protein-

poor fluid from the vascular compartment. since 1t is well known that

a ¡ret deficit of intravascular volume reduces the central venous pres-

sure (cvP) (wlggers, 1950) , CVP was used in this series of experlments

as all index of the contriþution of the volume loss to the hemodynamic

deterioration characteristic of hemorrhagic shock. cvP should decrease

during the fall in arterial BP when uptake of blood is prevetrted if

the latter is due to loss of fluid from the vascular space, and thus

to decreased venous return. conversely, if the faII of BP rvere due to

cardiac failure, the CVP should increase.

Methods

Arteri.al BP, plasma protein concentration,a¡rd bleeding volume

were neasured in dogs sui:jeeted to hemorrbage as in previous groups.

Iä adciition, central venous pressure r,vas measured by passing a catheter

through an ex,cerrlal jugular vein into'.the thoracic venous system, as cie-

scribed under General lt{ethods. This catheter \tras connected to a Statham

p 23BB pressuïe transducer which was calibrated so that a pressure change

of o¡re centimeter of saline produced a pen excursion of 4 m¡n oil the PoIy-

graph.Apaperspeed,fast.enoughtoallowmeasurenentoftlrepresystol-

ic cvP dr,rring the expiratory pause, was used 1n most experiments' In some'

an electronically illtegrated mean was recorded'

Each dog rvas initially bled to a BP of 30 n* Hâr and then

brought up to 60 urm I{g rvith a sntall reinfusion of blood and held at this

pressure until a predetermined uptake of blood had occurred, from 5 to

30 ml,/kg (Lo% to TL/o of MBv). After the preselected volu¡ne of blood
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had been taken up, the line connectÍng the dogr s arterial system to

the reservoir wag clanrpeci, and the BP allowed to vary spontaneously'

Duriüg the su}¡sequent faII in BP, which occurred in all of the dogs'

arterial blood samples rvere tai<en every 5 minutes for plasma proteilì

determination. In three dogs the initiar hemorrhage was continued

to cìeath iu order to study the relati.onship between arterial pressures

belorv 30 rnm Hg ancì CfP during acute heinorrbage'

Results

Theresu}tsforthisgrouparepresentedlnTableVlll,and

exair¡ples of the trvo types of response oþserved are shov¡n in Fig' 9'

CIP fell duj:ing hemorrhage in a]I of ]5 dogs' ancl in L4 of these' the

fallcorrtinuedthroughtheBPdecreasefrom60to3omrnHg"

TireCVPdidnotincreaseinarrydogduringtheintervalv¡hen

arterial pressure was maintained at 60 nro IIg, despite the uptake of

verylargevolumesof}rloodlrysomeanimals.Infact,thegVPimmedi-

ateLy þefore clamp off (-5.3 t 0.6 cm of saline) was lower than that

whe' the animals first reached a¡r arteriar pressure of 6o nun Hg (-4'0 t

0.5 cm oÍ saline). After ctarnp off, cvP continued to fa}l with the de-

creaseinarterialBPineverydog.InallofSdogsthathadtal<enup

Iess than 25% oi their [rrBV pri-or to clamp of f , the f all i'n cvP paral-

Ieledthatseerrduringhemorrhage,sothatatanarteriatpressureof

30 rnrn -r€,ttre CVP t,¿as equal to or less than that at the same arterial

pressure dr.:ring the initial hemorrlrage' At a BP betv¡een 15 and 25 rnm

HS,thesedogsstoppedlrreathing,artel.Íalpressi]refellabruptlyand

CVP rose rapidly' generally to the range of 0 to -2 cm of saline' The

heartstoppedbeatirrgverysoollafterC\|Pbegantorise.In6ofthel0
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dogs ihat took up more tl-lan 25% of their MBv, the faII in cw following

clamp off was similar to that iD tT¡e dogs wirich had taken up less blood'

In the renraining 4 dogg c\/P began to decrease follorving clamp off, but

at 
.a¡r 

arterial pressure betrveen 39 a¡rd 5O rnn Iþ, it began io increase

again, ancl these dogs dÍed very rapidly. one response of each type is

shown 1n Fig. 9.

death acutely, the CfP feI} with decreas-

and 20 mm ft, respeetively, at which time

In the 3 dogs bled

ing arterial Pressure to I5,

to

L7

itabruptlybegarrtoj-ncrease,respirationceased,andtheheartstopped.

Attempts to l:esuscítate the dogs by reinfusion of the shed blood intra-

arierially) one to 2 minutes after the heart stoppedrrvere unsuccessful'

Theplasmaproteinconcentrationroseafterclampoffinallof

the dogs, despÍte the decrease in both arterial BP a¡rd cvP' This response

is similar'co that of the dogs described in Section II'

Cornment

The fall in cvp that occu.rs cìuring hemorrhage Ís generally as-

scribed to a clecreased venous ret-rrrn to the heart (\tliggers, 1950) ' In

the presenc experÍments, a considerable decrease in cvP occurred and pro-

gressed throughout the period of hemorrhage. The experÍmental desi'gn aI-

towed conparison of the changes in cvP associated with the falls in arteri-

al pressure froin 60 to 30 rnm FIg du:ring iDj.tial hemorrhage, and following

clarnp off . Experiments descrilred in previous sectioÌ1s suggested that up-

take of btood from the reservoir Índicated a decrease iu intravascular

volume. If loss of fruid from the vascular space were the cause of the

faII in arterlal pressu-fe di.iring circulatory deterioration, it should be

associated rvith a decreasing cvP, similar to the response to hemorrhage'
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il3"r"._9.. RelatÍonships of central Venous Pressure to Arterial

P¡.essure during l{ernorrhagic H¡'potension. Solid circles shorv the

relatj-o¡ship as arterial pressure vJas reduced by the lnitial

hernorrhage, the crosses, that recorded 'rvhen the pressure fel1 because

u¡rtake of blood was prevented during clecompensation (fade). The

usual relationship is shorvn on tlre left. only 4 of 15 dogs

f olloi'led the pa*r,tern show¡r on the right, with a preterrninal rise in

ce;iira1 vellous Pllessure
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æl^iaÀj¡laaarrrandinatlbut4oflsanimalstheCVPcontinuedf,ofaLLl.l¡¿Þ q¡u vvvs t

u¡ttÍI the arterial pressure reached 30 nm Hg or below' At still loïrer

arterial pressures, tltere was a terrniilal increase in CVP in all dogs dy-

ing from either acute hemorrhage or prolollged hemorrhagic hypotel¡sioll'

In 4 of the dogs, the cvP began to fall after clamp off, but rose again

shortly before death, although the arterial pressure had not yet failen

to 30 nn tsg, probably as a result of some termi-nal myocardial inadequacy'

The finding that c\rP did not tend to increase followj'ng rever-

sai is of some interest, siilce Crowell and Guyton (1961 , ]-962) have re-

ported that CVP does increase following reversal, and have considered

this to 'oe evidence that myocarciiar inadequacy is a maior contributor to

the genesis of irreversibility 'co transfusion. In the present experiments,

evidence of myocardial inadequacy appeared only after the sponiaiieous up-

,caiie of rele|tive}y iarge volumes of blood, i.e., well beyoild tire stage

v¡Ìtere tra¡rsfusion can result iü suz'viva} . Even at this terninal stage of

decompensation, the inclex employecì failed to show evidence of heart fail-

ure in nost of the dogs studied.

The relationship beËrveen the parameters studied here and si;r-

vival witl be discussed in association rvith the results of the experi-

nents reported in Sections VIII aüd I)(.

Section VIII

Relationship of Elemoconce¡ltration to

survival afier lifaintained Ilemorrhagic Hypotension

TÌie results

denonstrated a close

of experiments reported in previous sections have

relationship betleen hernoconcentraöion and the uptal<e
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of brood from the reservoir to prevent the arteriar pressure from farling

af,cer reversal, and that hemodyr^amic failure and death are accelerated

ifuptalreispreverrted.Theseobservationssuggesttlratthehemoconcen-

trationisclose}y,perhapsetiologically,relatedtot}recardiovascular

deteriora-Cio¡r. Hol-ever, it iS v¡ell knorv¡r that evonts duriirg hemorrhagic

Irypotensioncelj.Ieadtodeat]rararryhours}ater,aftetaperiodofre}at-

ively adequate carcliovascu}ar function, an<i these er-periments <iid not

provicle conclusive evidence that the observed henoconceutration affects

ultinate survival. The experiments described here and in section' IX rvere

undertai<en to clarify the relationsirip betrveen hemoconceiltration and sur-

vival.

tr{ethocis

Theproceduresfortlreirrductioiiofhemorrhagicshockandfor

tire oetermiuatioi¡ of plasma proteln concentratioii, hernatocrit and cvP

rveretheSartleasintlregroupsrepor,;edairove.Thirty-threeofthedogs

incli¡dedinttrisgrouparetlreSameasthosedescribedinSecti.onVl,

and had hacl their plasma volumes determined by RISA dilution before and

aftet hemorrhage. lrn additional 31 dogs rvere studied with determinations

ofplasmaproteitrconceniÏatiolrandC\|gatvariousstagesofthehemor-

rlragj.cprocedure,butrvithoutdirectplasmavo}rr¡nedeterminations.An-

imals alive 48 hours after heroorrhage were consÍdered to have sLrrvived

the procedure.

ñ^^,-1 4^iì.rcÞu-L uÞ

for thÍs group are presented in Table IX and Fig'

iregative correlation l¡etrveen tho rise in plasma

llre results

there was a verY high
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I.{ORTALITY

CHANGE IN PLASMA PROTE¡N

CONCENTRATION

gm o/"

Fiqure 10. lìelationship of Hemoconcentration to Ìfortality âfteï

Iìernorrhagic l{ypoiension. Increases in p}asma protej.n collcentration

dr;i'ing the stage of decoinpensation, from reversal to tbe reinfusion

of alt shed bloocl, are plotted on the abscissa. The figures beside

each point indicate the number of fatalities over the to'sal numbeï

of dogs j,n each group.
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:orotelilcollceiÌrraij.otrafterreversal'andtheprobabilityofsurvival

(Fie. 1O). only 2 of 1I dogs rvlth a plasma protein increase of l'5

g/IOO inl or more survi"ved f or over 48 hours (1S%) ' At the other ex-

treme,allof3dogswithaplasrnaproteinincreaseoflessthano.S

g/LOO mI survived.

Tbeaniraalsareglassifiedassurvivorsorfaia}itiesin

Taþle IX. the initial piasraa protein concentrations atid plasma vol-

ur,res of ,che trvo groups were the same r anci the maximum bleediug volumes

rvere also no,c signlficantly cìifferent. The only significaiit difference

rvas in the plasna protein co¡rce¡rtration 30 minutes after ::einfusion'

the fat'ali,úies havlng a plasma i:rotein concentration of 6.98 ! o.20

g/lOC nI , air'd the survivors 6'53 r- 0'I8 g'lI0O m} ' significant at the

5% leve}. Tlre plaSna voh¡¡nes following rej.nfuslon rvere not signlf Í-

cantlydifferent.Alt'hougirtheuptakeofbtoodfromthereservoir

lvas3So/olrigheramongiJnefataLities,thisdifferet¡cewasnotsignifÍcant

at tire 5% levet because of the vride range of uptake in botb groups'

Cornmei:rt

Thecorrelationbetrveenplasmaproteinincreaseandsurvival

suggests that the factors leading to hemoconcentration have a consider-

aì:le inftueÌ1ce on the hemoclyi-ramic cieterioration after heinorrlragic hypo-

iension. The greater the hemoconcentration, the more likely the dog rvas

to die of hemorrhagic shock. since the plasma proteiÐ concentrations of

¡tonsurvivors lvere higher, aircì this hemoconcentration rvas demonstrated to

ìreduetolossofaiorvproteiirulirafiltrateofplasnra,theyrvouldhave

beeil expectecl to have a significant}y smal}er plasma volr¡me aft,er reinfus-

Íon.IÌorvever,itappearstirattheseaninalswereoirlyirrtheearlyStages

of decornpensation at the time of reinfusion. Their t'iptake had lceeu onl"y
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3.8tI.0mlrzlrg,(8.2%ofMBV)'Afterrelnfusionoftheshedblood'most

ofthemreachedarterialpressuresveryclosetotheirco¡rtrollevels,

and most did not die for at least 18 hours after reinfusion' If rein-

fusionisdelayedu¡rtitafteragreateruptakehasoccurred,theBPre-

coversonlypart'ially,aplasmavolumedeficitisreadilydernonstrable,

aud the animals die much more rapidly (section v). It therefore appears

thatthefatalitiesinthepresentgroupwerestillintheear}ierstages

ofdecompensation.TheS.6%increaseinplasmaproteinconcerrtration

rvas statistically significant because the variance with this determina-

tionisverysmall,rvhereastheT"2%decreaseinp}asrnavolumewasnot

slgnificant because of the considerably larger varlance'

RelationshiP of

after a

Section IX

Hemoconcentratioil to Survival

Singte Large Hemorrhage

Therelationshipþetrveeuhemoco¡rcentrationandsurvlvalafter

bemorrirage was investigated in this group of dogs utilizing a different

methodfortheinductlonofhemorrhagicshock.Ifdogsaresubjectedto

a single, large, relatively rapid hemorrhage' 50% survival occurs with

removal of 35 to 50% of the blood voh¡¡ne (Allen et aI" 1959)" This

protoco}wasadoptedtoseeifparametersrvlrlcbappearedtobecritically

related to survival under conditlons of maintained hypotension lvere stllt

iroporiant rvhen the Bp ancl cvp were alrowed to vary spontaneousry, and

rvhen¡tob}oodrvasreturnedtothedogfrorntilereservoir.

hlethods

Dogs lvere anesthetlzed with pentobarbital and prepared for
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hemorrhage as in previous studies. TVo experimental protocols were

follorved. In one group of 16 dogs, the anlmals were bled over 15 min-

utes to an arterial pressure of 50 m¡l ItrC; the connection to the reser-

voir v¡as then clamped and the dogts arterial pressure allowed to vary

spontaneously. In the second group of 9 dogs, the animals were bled

25 or 35 rnl/kg; the connection to the reservolr was clamped and the BP

allowed to vary spontaileously. In both groups, arterial pressure and.

CVp rvere monitored for 5 nï" foltowing hemorrhage and arterial blood

sainples were taken at 3O-miriute intervals for tbe deter¡ni¡ratlon of

plaslna proteÍn concentration. The incisions were then closed a¡rd the

animals returned to their cages for the determination of survival. All

dogs alive 48 hours followlng the procedure were considered to be sur-

vivors.

Results

The results for this group of experiments are shown in Table X.

AII of tho ciogs initially responded to hemorrhage rvith a fall i¡r arterial

pressure and bemociilutiotl, aS indicated by a falling plasma protein con-

cen'cration. After tbe cessation of hemorrhage, all the dogs showed a tend-

ency for the arterial pressure to return toward normal ' associated wlth

a contiuued fa}} in plasma protein concentration. After onê to 2 hours,

the plasma protein conceritratioir began to increase ill all of the dogs'

Ho¡vever, the i¡tcrease was clearly different among the survivors and nolr-

SurvivoI.s. Ðuri.ng the 5 hours following hemorrhager the plasma proteiu

conce:.rtration of 17 of 19 survivors remaiued below the control va1ue,

and it reachedrbut did not exceedrthe control value in tlle remaining

two. I1 contrast, the plasma protein conceiìtration exceeded the co¡itro1
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Table X

Proteln Concontratlon and Centrel Venoug Pressurc
Slngle Large Hemorrhage wlthout Relnfuelon

Dog
No,

Bleedlng Reeultant
Vo1ume BP
(ml,/ke) (m¡n He)

Plasma Proteln Conc.
(C,/IOO nr¡

cvP
(cn aallne)

Ar5
Inltlal Lowest hours

At5
Inttlal Lowest hours

Survlvorg

I
2
3
4
5
6
,

8
q

10
11
L2
L3
T4
I5
16
T7
1ö
19

25
35
35
35
35
35
35
35
35
35
35
35
23
33
27
2L
32
L7
31

98
60

IIO
90
IJ
60
75
50
50
50
50
50
50
50
50
50
50
50
50

6,O2 5.38
5 .33 4.2A
6.93 5.93
5.10 4,27
6.O2 5.65
5.47 4.91
6.30 5.93
5.01 4.73
6.39 5.93
6.39 6.I2
6.L2 5.10
6.L2 5 ,47
5.19 5.Ol
6.30 5.84
5.lo 4.64
5.93 5.19
6.30 5.93
5 .47 5.19
5.84 5.38

5.93
5.28
6. 02
5.10
5,75
5.19
6,25
4.82
6.12
6.30
5. ro
5 .56
5.lo
6.L2
5. to
5.28
6.O2
5.28
5.56

-3. O

-1 .8
o
o
o

+I .5
-2,5
-1 .O
+5.O

o
-1 .1
+1 .3
+L.2

o
o

-1.r
+2,3

o
-1 .1

-5.5 -4,7
-5.4 -5.3
-1.5 0
-2.5 -2,O
-4.5 -4. O

-2.5 -2.O
-6.O -6.0
-4.8 -3.5
+3.O +2.5
-4.5 -3.O
-5.5 -3.O
-2.2 -0.8
-5.O -2.O
-3.0 -2 .5
-4.6 -3.O
-2.2 -I .3
-1.O -l .O
-2.5 -t .3
-5.O -5.O

Fetal lt 1es

20
2L
22
23
24
25

33
25
T7
I9
25
35

50
50
50
50
70
58

5. t0
6,25
6.O2
5.28
6.49
6,34

4.28 4.42
5.93 6.30
5.84 6.L2
5.10 6.O2
6,O2 6.58
6.2t 6.49

-2 rO
-1.O
-L.2
-3.3
-4,7
-4.8

-6.O -4.5
-6.4 -2.8
-4,5 -2.O
-6.6 -6,2
-8. O -4.2
-7.2 -6,5

Survivors 3I.26
t 1.3

6r.47
! 4.3

6. 03
r o.14

5.31 5.57
t o.r0 t0.60

-o.65 -3.74 -2.8L
t 0.34 t o.94 t 0.94

25,7
t 2.5

ã,91
t o,22

54.7
t 2.6

5.50 5.98
t o.3r to,24

_2.79
t 0.68 t

-6.53 -4.32
2.Ot t 0.65

FataI lt les
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value wÍtbln 5llor*rs 1n 5 of the 6 fatalities. The plasma proteiu con-

ce¡trations of survivors and noir5urvivorg 5 hOurs after hemorrhage lvere

sigirifi-cantry different at the 4 5/o level by Chi-squared analysis' Cen-

tral veirous pressure fell with hernorrhage in all dogs aird remained low'

It did ¡rot differ significantly i-¡r survÍvors and nonsurvivors, although

it tendecl to be Jorver in the Lati-er throughout'

Comrnent

Theresultsofthisgroupofexperimentscorroþoratetheob-

servations reporiecl in Section VIII, which indicated that the progression

of henocoircentration follorvitrg hemorrhage was associated v¿ith a decreas-

iugproba'þilityofsurvival.Thepresentprotocols,however,eliminated

anypossibilitythateithertheL¡loodreturnedtothedogfromtheres-

ervoir, or the preventio¡r of a compensatory rise in arterial pressure con-

tributed to the observed correlation'

Theprotocolsuseclintheexperimentsreportedinthissection

also macle it possj.ble to exa¡nine the efficacy of cornpeusatory processes'

It is apparent that even rvithout reinfusion of the shed blooci, a coli-

sideral¡le proportlon of dogs rvill survive a henorrhage that rapidly be-

comes lethal if the effects of compensatory processes are balanced by a

protocol of maintained hypotensiorr'

I,cistlotpossibletoprovideadefinitiveexplanationofthe

plasma protein concentration increase in these experimeilts v¡ithout infor-

matio¡i regarding ciranges in the total intravascular plasma protein' Ti:e

insreasing plasma protein co¡icentfation foilorving initial irenodilution

nray in partrreflect a movemeilt of protei¡r into the vascular space to re-

placethatwhichwaslost.However,itappearslikelythattiremarked
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increase in tlre rìons\l-rvivors involves a loss of proteiu-poor f luid

fromihevascularspace,as.wasshowntooccurinpreviousexperl-

ments.T]refindingthatce¡rtra}venouspressr¡redidlrotdiffersigni-

cairtly in tlre survivors and nonsr¡rvivors, and indeed, tended to be

lorver i¡r the latter, indlcates that myocardial inadequacy dici not play

amajorro}eindetermi¡ringsurvivaL,atleastdrrringthefirstS

hours after hemorrhage.

Section X

Role of PrecaPillarY Resistance

nent of Hemoco¡rcentratÍon duriirg

Vessels in the DeveIoP-

Hemorrhagi c HYPotensi-on

Theprecedingexperimentsoenoristratedtlratthedevelopment

of cieconrpensation in the dog subjectecl to hemorrilagic hypotensiou i's

clraracter Lzecl by progressive bemocolrceiltration, arrd that the factors

resultirrginbenoconcentrationappeartobeirnportarrtdeterminanis

of the d,ogs uJ-timate fate. The hemoconcentratioir has been sllorvn to

resultfromtheultrafiltrationoffluidv¿ithalowprotej-nconcentra-

tion frorn the vascular space. This occurrecl despite constant arterial

ancì central ve¡rous pressures, ancl was accelerated by ttre administration

of noraclrenaline, ancl delayed and reduced in magnitude by adrenergic

blockacle with phenoxylrenzanine'

According'coStarlingrshypothesis'anincreasei¡lneiultra-

filtration could result from a decreased i¡lterstitial hydrostatic pres-

slìre or an increased lnterstitlal oircotic pressure, but these factors

are generaÌIy considered to be quantitatively relatj-vely unimportan'c '

and are not Iinorvn to be influenced by noradrenaline or phenoxybenzamine'
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Tirese agents do, horvever, mimic and blocli, respectively, effects of

synrpathetic nervous slrstem activity' The sympathetlcs have we]I c]nar'

acterized, cluanl;itatively important effects on the vascular smooth

muscle witicir regulates the pre- aud pos-r,capillary resistances' and thus

a nrajor effect on net eapillary presstËe, and consequently' on fluici

shif ts across the capillary wall (l,felland'er, 1960)'

Themostli}<elyexplanationÍortlreincreaseclultraflltra-

tioir of fluid from the vascular space during clecompensation appears

to be a¡¡ iircrease irl capillary hyd-rostatic pressure' Since both

arterial and central veirous pressures were constant through reversal '

anincreaseclcapillarypressuremus'thavebeenduetoachangein

iire ratio of precapillary to postcapiJ'Iary resistance (Pappenheimer

ancl Soto-Rivera, rg4g). Bither a decrease in precapirlary resistance'

an iücrease in postcapillary fesistatrce or a combination of tÌrese could

i¡.rcreasecapi}}aryhyclrostaticpressuredespiteconstarrtarterialaird

veiìous pressures.

At a coìlstant perfttsj-oir presstr.ce' the najor cleterrnj'nant of

blood f 
'ou, 

tï¡ro*.h a vascurar bed is the precapillìry ::esistance' This

ispredominantlyi¡rtirearterioles,butitalsoirrcludesconìponents

attriþuiable to tbe lìretarterioles and precapillary sphincters (Zrveifach'

196I.)In¡nostofthee><perimentsreportedal¡ove'thearterialpres-

surewasheldconstantafterlBV,andconsequerrtly,anyfailureoftbe

precapi}lrrrylesistancevesselstonrairrtair:tlreirtonefollowingrever-

sal rvolild increase bLood flow' Uslng blood florv at constant pressure

as ân inciex of precapillary resistance, tlre foltolving expei.j'nenis were

carried oìllt to explore the possibility that decreased precapillary vessel

ione was involved in the loss of i-ntravascular fluid after reversal' siirce
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theseexperlmentsmeasuredthebloodflowtoseveralmajorvascular

beds during hemorrhagic hypotension, they also provided informatlon

regarding tlre distril¡ution of blood flow and the effects of PoB pre-

treatment on this dtstributlon.

ìfethods

A total of 32 dogs was studled fn 2 groups' 22 in t\e

first and lo in the second. The experimental protocols differed

only in the duratlon of hypoteirsion; anlmals in the flrst group were

subjectedto2.shoursofhypotensionatS0nmHg'andthoseinthe

second group to 4.5 hours or longer'

HalfofthedogsweÏepretreatedrvithphenoxybenzamlrre'

5 ng/rÃa i¡rtravenously, 18 hours before the experime¡rt. Each dog

was prepared with electromagnetic flowmeter probes arotttld the ap-

propriate arteries, as descrlbed in General Methods. Flov¡ was meas-

ured in at least 2 of the 3 vessels studied (superior mesenteric,

rerlal and termlnal aorta) 1n all auimals, and all three were measured

in 3 control and 3 PoB-pretreated dogs. urine output from the left

kidney was measured ln 9 control and IO POB-pretreated dogs by cathet-

erizing the ureter approximately 2 inches distal to the renal pelvis,

and drainlng the urine lnto a graduated cylinder b¡r gravity"

After the preparation was completed the incislons were

closed with clips and the dog allowed to stabilize for at least 30

ninutes.ThedogswerethenbledoveraSo-mlnuteperiod,asirrthe

previousexperimerrts,andwereheldatanarterialpressureofS0nm

fu for 2.5 hours. At the errd of thig interval, the blood remainÍng

in the reservolr was reinfused intra-arterially and the measurements
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hours, during which time rnosi of the control
conti¡rued for 2 to 3

dogs died.

Iir all 32 ciogs,

out every 15 minuies, and

record.ed every 5 minutes.

ñ ^^''1 +^ftcÞ q! uÞ

TIre results ot¡tained in this group of experiments which are

relevani to tl're interpretation of ftuid sirifts during hernorrhagi-c hypo-

tensio¡rrvillbepresentedintlrissection.otherdatafro¡ntireseex.

perineitts rvill be presented and discussed i¡r Section XII'

Data on the group of aniraals maintained hypotensive for 2' 5

hoursaregiveninTalr}eXl.TlrecoursesofthecorrtrolalrdPoB-pre-

treated dogs were similar to ihose seen in previous groups. The max-

imumbleecliugvol'r'rmeswel:enotdifferent'butthetimetoilIBVrvas

considerably longer in the POB-pretreated dogs' 92'3 ! 16'6 min vs'

48.6 t 9.I mi¡r in the controls' Reversal occurred iil all animals

durirrgthelSomirrutesofhypotensiolÌ"Ilowever,tlreuptalieofblood

bytheendoftlreperiociofhypoterrsionwasconsiderablydifferent'

thecontrol<logshavingtahenup33'7%oLtheirMBV'a¡rdthePOB-

pretreaied ctogs only 9.3%' The initial plasrna proLein concentrations

aucl the hemodilution at i\lBV were not siguificantly different in the

coutrol and pretreateci animals" However' bY the enrl of lS0 nrinutes

a'r; 50 irr.r*rr llo;, tire plasma protein concentration of the control dogs had

rise¡r';o 5.89 i 0'19 g,/100 mI' while that of ttle PoB-pretreated animals

rvasonlyS.}5+0.19gl}00ml.Ttrisdifferencewasalsoevideniafter

reinfusioä. rn the last sample before death, or 2 hours after rein-

plasrna Protein

the volune of

determinations were carried

blood ill the reservoir was
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TABLE XI

POB trretreatment on Responses to Hemorrhaglc
Dogs ln whlch Reglonal Blood Flows Were Measured

No. Weight
eleedtng Vol-une (ml,/kg) 

.

rBv MBV 
^t 

2.5 Uptake
rnGroup

Control

POB-Pretreated

P

(

14 . 1+1. O

14. O+1. I
n. s.

It
11

25 . 6+3. 1 36 .9+4,6

26.3+L.5 38.8r2.6

n. S. n. S"

hours

22.6+4.4

35 .2+2.7

< o.01

38,7

9.3

Plasma Proteln Conc. IOO n

Group No. Inltial At IBV At MBV åL

Reinfuslon

At Death
or 2 Hrs
After
Reinf "

Control
POB-Pretreated

P

5,83+O.14 5.59+O.19

5.71+o" 10 5. 45+O. 14

n. so n. s.

11

11

5. 41+O. 19

5. 06+0. 19

ll. Þc

5.89+O. 19

5. 15+O. 19

o. 05

6. 3O+O. 26

5.82+O.L4

ç O.05

Blood Flow at 50 run (mllmin)
VesseL IBV IBV + 75 mln IBV + 15O mln

Grou

Control

No

11

1T

Mesentertc

ArterY

43.1+ 8.3

98 .9+19.9

37 .l+ 8.2

89.4+18. 6

38. O+ 8.1

92.3+L9 .2
POB-Pretreated

Control
POB-Pretreated

Terminal

Aorta

52.9+L2.O

63.4+12.7

51. 0+16. O

65.4+L2.8

4A.4+LL.5

66.8+12. 6
11

11

ControL

POB-Pretreated

11

11

Renal

ArterY

52"3+I7,L

85. 1+ 9.4

23"9+ 7.7

5]-,9+ 2.9

23.3+ 7,7

48.6+ 4.2
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fusio¡r in tire 2 ani¡nals that irad ¡rot ciied by that time, the pJ-asrna

protein coircentratÍo¡r of the control dogs rvas 6.30 + 0.26 g/LOO nI.

Ten of ti¡o 11 POB-pretreated ciogs rvere still al-ive 2 hours after

rei¡rfusion and their plasrna proteiir concentration was only 5,82 !

O.l7 g/LOO mI , i.rot signif i.cairtly grea'úer than their plasma protein

conceiltlatio¡r before hemorrirage.

Differe¡:ces in iire p:.'ogression of hemorrhaglc shocì< i¡r

i:ire control and POB-preireated dogs are also evident in Table XII,

where the arterial blood press'!¡res of tbe i¡rdividual dogs at the

time of rei¡rfusioir and at 3O-minute intervals thereafter are pre-

sented. After reinfusion, the POB-pretreated dogs had a BP 1C1.7 +

4.L5% of tneir i¡ritiai ievel , wi-rereas the control dogs reacired only

73,7 ! 5,3%, a clifference sigirificant at tire 0.O01 level . Six of

tire control dogs ciied within one irour after reinfusj.on, anci within

2 i¡ours, 9 of tire 11 rvere deaci. OnIy oì1e of the ]1 POB-pretreated

dogs ciied rvithin 2 hours of reinfusion. This difference in survival

2 hours af.ter reinfusion is significa¡rt at tire O.0015 level by Chi-

squaled aualysis.

TIre indiviciual effecis of hemorrlr.age and of POB pretreatÍreÌÌt

on blood flow ciistriirutÍon wiII be presented in a later section. The

cìata relevant to the i¡rterpretatioir of fluid s}¡ifts are the chaÌlges in

florv after the animals reached IBV (Tabte XI). Since the dogs were

ireld at 50 ¡n¡n Hgfrorn this ti¡ne until reinfusion, any tendency of tire

precapillar)¡ Ì'esistance vessels 'co lose their tone would be evident

as aìì i¡-rcrease in flol.

iflren the contro]- dogs f irst reached a BP of 50 rua Iþ, the

superi.or meseuteric blood florv had falleu t"o 43. I t 8.3 nl,/min. Sev-
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Table XII

Effects of P0B-Pretreatment on

to Relnfusion aftet 2.5 Hours of
Blood Pressure ResPonse
Hemorrhaglc ¡¡YPotenslon

Arterlal Blood Pregsure (n¡n He)

+ 3O mln + 60 nin + 90 nln + I20 ¡nln
Group Initial Af ter

Relnfuslon

115
L]-2
105
t25
160
145
r05
135

95
r40
145

;;
75
IJ

r30
95

100
L25

lo
110
L25

Co¡rtro1 ;;
60

r05
120

70
100
L25

i;;
115

65
95

L20

II5
50
90

t20
;;

105

Srrrvivors 10II

P0B-Pre-
treatecl

t35
90

r05
r20
100
130

90
r15
120
L25
L40

L20
80

130
IIC
105
]10
105
105
135
r+c
r35

95
80

t20
85

105
1t0
100
130
1r0
140
LZ5

70
75

r20
85

100
100
100
130
r10
115
120

65
t:)
95
85
95

100
100
110
ro5
II5
1r0

;;
80
85
90

100
r00
1r0
lro
110
110

Survivors 1I I1 1I 1I 1I IO
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enty-iive mi¡1u'tes later, after reversal in all clogs' it rvas 37'L !

3.2lrl,Árii:i, aild after 2.5 lrours of trypoieirsion, rvÌ¡en the dogs shorved

n:arkeci cardiovascurar decor,rpeirsaiion, Ìraving ta}<en up a mean of 39%

of tlreir jißV from tlle reservoir, the florv to the inesenteric vascular

bed rvas 33.0 t 8.1ml,/min. There rvas clearly no tendency for the

rcsistauce io bloocl flow iü this vascul.a.:i bect to "gj--/c ot-ì'Ú"' ID

fact,tlrer.evasatendencyfortheflorvtofallslightlytviihtime,

butt]iiscirangewasnotstatisticallysignificant.Thel-nesen,ceric

]¡}oocflorvinihePoB-pretrea.beddogsalsoshorvednoter..lencyio

iircrease at, or af ter, :revcrsal . rn Fig. 11 , the superior ¡:iesenteric

b}oodflorvatiBVis¡rlottectontlreabscissaagainsttheflorvsTSalrcl

ISCiiri¡rr¡tes}atero¡-riheorc]irrateforallexperlüenisintlrisgroup.

ïr: this plot, any tericiency of ihe irrecapillary resistance vessels to

lose ioiie rvoul_d resul,c in the points falling above the liäe of ec¡uarity,

but no such trend t','as detected'

BloocìflorvlrrtherenalarterylradfallentoS2.3tIT.lmi/min

rr,hentlrecontroldogsfirstreachedaBPofS0m¡oIÍg.Incontrastto

tlreneselrtericflorlthereilalbloodflor,¡contirruedtofallduringthe

initialperiocìofhypotension,reachins2S.g!7.7irrl/miirafterTSmin-

tttes,a¡lcì23.gt7,7mlrlminaftet2'5hor¡rsofhypotension'Thisre-

ductionrvassigni-ficantattheS%Level.TlrerenalblooctflorvatIBV

isp}otteclagainsttheflorvsafterTsandlsOmintrtesatS0rnrnllgin

Fig. 12, which illustrates the tenciency for renal blood flow to fall

viiÏ¡ tirîe.

Btood f lorv to the hirrdquarters (terminal'aorta) rvas 52'9 J

L2"OnL/iniirrvhenthecontroldogsfirstreachedaBPofs0nrmi]e.Ãlter

75 and 150 ninutes of hypotension, the blooci flov¡s,co this vascular bed
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MESENTERIC

min. HYPOTENSION

c0NTROL

POB

20 2'OO

BLOOD FLOW ON FIRST REAChIING 5O mm Hg

ml / min.

L-.S-tu -j¿. ReLatlonship of illesenteric Blood Florvs at IBV to Those at

-Lhe sane Press,,tre 75 and 15O L'ililu',ces Later. Arterial pressure vJas

lnaintainecl at 5O mn lig ihnotlghout 'che ireriod of measurement' ^Doints

rÌe-ie'nj-necI af ter 7 5 (early decornpensation) and I5O rninutes ( 1a'ce

iieconlrensation) of hypotension tencl to fal1 belovr the line of ec^uaIlty,

indicat,ing that there \!as no decrease and may have been a slight

increase in'che resistance of the nesenteric vascular bed during the

pe:riocÌ of hYPoiension.
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Figure12.RelationshípofRenalBloodFlowsatIBVtoThose
at the same Pressure ?5 and 15O lr{inutes Later. Arterial pressure

was maintained at 50 nm Hg throughout the period of measurement.

Àiost of the points determined after ?5 (early decompensation) and

150 mlnutes (late decompensation) of hypotension fal1 we1I below the

line of equality, lndicating a progressive increase in renal vascular

resistance during the period of hypotenslon'

REl,lAL
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vere 5l-.0 t 16.0 ancÌ ô'3.4 ! 11'5 ml/nin' respectively' As in the

otlrei'vasctrla:rþedsstttdied,noevidencefotalossofvascularre-

sistanceineitherthecontrolorthe?OB-pretreateddogscouldbe

detected (fis. 13).

In orcler to deiennine lf a tendency for the precapillary

r:esistancevesselstolosetlreirtonervouldappeardrrringevenmore

prolongecl hypotension, the second group of 10 dogs rvas held at a BP

ofSOÍutI]S1ror4.StoS.Sirours.Notend.encyforbloodflotvtoin.

creese in any of ihe vascular becis studied was observed desplte severe

decoiripelrsation,indicateclbyL]'ptakesofbloodasgreaiasTL%ofthe

iil¡2 v .

Coi¡rme:lts

The results of eliperiments on this group of 32 dogs detnon-

sirateci that there is no tende'cy for the "resistance vessels" to lose

thei:ltoneduringhemorrhagic}r'Slpotension,eitherat,tlneti¡reofrever-

saloratconsiderabJ.ylaterStagesofcleeompensatiorr.Siircethemajor

portionofthevasctrlarresistancetoblooclflorvliesintheprecapil-

laryvessels,1.e.'arierioles,metarteriolesandprecapÍllaryspirinc-

'cers,tireseresultsinclicatethatlossofprecapillarytoneinthe

r.egionsstucliedplaysnopartinthegenesisofthefluidshiftsrroted

inpreviotìsgroups.Sincetireregionssttrdied,i.€.,gastrointestinal

traet''lriciney,skeletalmuscleanclsirin,makeupaverylargepartof

thetrociyancitakealargepercentageofthecardiacoutput,itisvery

unlikeiy that any maior loss of precapillaÏy vessel tone occurred'

Tlrerefore,ifthelossoffluictfromthevascularspaceisduetoan

increasedcapillaryhydrostaticpressure,ltisprobablyduetoan
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BLOOD
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rr tn loo

ml/ min. _ _

min. HYPOTENSION

CONTROL

POB

40
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Figure 13. Relationship of Hindquarters Blood Flows at IBV to

Those at the same Pressure 75 and 150 Minutes Lâter. 'Arterial

pressure was maintained at 50 mrn Hg throughout the period of

measurement. Points determined after 75 (early decompensatlon)

and 15O minutes (late decompensation) of hypotenston cluster about

the llne of equality, indicating that there was no change Ín the

resistance of this vascular bed during the perlod of bypotension.
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increase in the tone of the postcapillary vessels'

Section XI

Role of Postcaplllary Resistance vessels in the Development of

Hemoconcentration during Hemorrhagic Hypotension

Tire postcapillary resistance, which is a small part of the total

peripheral resistance, is commo¡Iy attri-buted to the venutes and smal1

veins, but there is no clear evicience regarding which vessels mal<e the

rnost importai:rt co¡rtributÍon. Ì¡Iost of the techniques in common use today

for the study of venous tone mo¡'¡itor ihe weight or volrulre of a tissue seg-

rnent, ancì thus responses of the larger capaclty veins dorni¡iate the results.

Iì,esponses of ttre postcapillary resistance Vessels rnay be inferred from net

movements of fluid into and out of the vascular space in eonjunction with

iirformation on changes Ín precapiltary resistance, as in the experiments

descrlbed in Section X, but this provides only indirect evidence. The

tecirnique that most closely approximates a measllrement of postcapillary

resj.stance is that clevelopecì by l{addy et aI. (f957)' Seginental pres-

sures are ioonitored in a vascular bed at the levels of a large artery' a

Sma1l artery, a smalÌ vein and a large Vein. The "small ve1n" pressu'e

is measured through a srna1I polyethylene catheter i¡rtroduced into a vein

in a retrograde direction and "wedged" aS far perlpherally as possible,

pi,esr.ulably at the level of veins too smaIl to alIow the catheter to

^'-&^-á 'r}-iõ ñþovides a measure¡nent of tìre end pressure i.n vessels jttst
g]IUVI'. I¡¡¿Þ 

^UI'

proximal to the catheter. Generally, iile vascular bed is perfused by a

constani flotv pump so that changes in arterlolar resisiallce are expressed

as changes in Perfusion Pressure"
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Methods

A modlflcation of the Haddy technlque r/as used ln experi

ments on I dogs in whÍch the vasculature of the hindquarters \¡/as stud-

1ed, and on 6 dogs in whlch the mesenteric vascular bed was studied. No

perfusion pu¡ap $,as used si¡rce there ls evidence that pumps adversely af-

fect vascular reactlvity (Folkow, 1952), and slnce the blood flow to the

hindquarterg and gastrolntestlnal ttaet re¡nained relatively constant

during the critlcal fnterval when arter'1al pressure was held at 50 rom

HS (Section X).

perfusion n"."",r". to the blndquarters was measured by cannu-

tating the artery to the tail and placing the catheter tip at the blfurca-

tion of the aorta. Blood flow was measured wlth an electromagnetic flow-

meter as ln the experiments reported in Sectlon X wlth the probe around

the aorta just proxi¡nal to the blfurcation. Snall veln wedge pressure

lvas measured by passing a polyethylene catheter wlth an outside dlaneter

of 0.039 inches (Clay Adams P.E. 50) as far as possible in a retrograde

directlon through one of the small veins dralnlng the gracilis muscle'

A sudden increase in pressure was seen when the catheter was wedged.

patency of the catheter was assessed perllodically by discoúnecting it

from the pressure transducer, and checklng backflow" Large veln pres-

sure was measured through a catheter placed ln a trlbutary so that lts

t ip was flush wlth the waII of the femoral vein. Pressures from both

peripheral veins v/ere recorded wlth Stathan P 23AC transducers' Central

venous pressure ì,vag measured Wlth a Saline manometer, Ag in prevlous ex-

periments. During the period of hypotension, arterlal perfuslon presaule

was also meagured with a sallne manometer
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After a 30 to 60 minute con'crol period the dogs were bled to an

arierial blooci pressure of 50 i:o:n Hg and held at this pressrlre until at

Ieas'c 20"/o uptai<e of k¡loocl fro¡ir the reservoir had occurred' After tbis'

pi:euoxybe¡rzamine rvas administered intra-arterially to the bindquarters

of 5 of the clogs in graded doses of O'5 to 1'0 rag'zkg' generally at 5 to

10 rrrj-nute intervals, to a total dose of 2'O to 5'0 mg'/i<g' In 2 of these

dogs,anclin2others,atropineanclmepyra}Ïinewereadministeredintra-

arteriarry, the former in seriar doses of o.s to 1.0 rng/kg to a total

dose of 2,O rt'g/kg and the Lattet in one or 2 doses of 5'0 mg'/kg'

Inanothergroupof6dogs,sitni}arexperirrtentslvereperformed

on the circulation of the gastrointestinal tract. superior rûesenterÍc

artery 'olood florv and perfusioir pr^essure in 'che aì¡dortrinal aorta at t}rat

level \ïere monj.tored. small vein rvedge pressuÏe lves o'l¡tained by catheter-

íz¡:ngao.Stol.ommdiaìj,ì,e.ierveini¡ramesentericvenousarcadei¡ra

retrogradedirectionuntiltheiicoftirecatheierwedgedinasrnall

vein near the bov¿el rvall. The sa:ne vein wes also catheterized centrally

and the catheter ad.vanced. to measure 'che pressure in a large neseÌ1teri'c

veln. Tire experimental protocol was essentially the sa¡ne as that used in

studies on the hindquarters. Plasma protei.n concentrations and bleedÍng

volwnes rvere f ollor,¿ed in both groups, as ir: the experirnents re^oorted 1n

previous sections.

Results

Results typical of experiments on the hindquarters vascular

bed are shor,¡n i' Fig. 14 and of those on the mesenteric vasct¡Iar bed in

Fig.}5.Thel¡Ieedingvolurnesandchangesitrplasmapro,ceinconcetltra-

tion rvere not different fronr those reported above for other groups' The
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mean femoral venous pressure was 12.1 t 2.7 cm of eallne befOre hemor-

rhage, and the venous wedge pressure was always hlghe9 averaging 24.0

t 3.6 ccn of sallne.

Durlngthelnltlalpartofthehemorrhage,toableedlngvolune

ofapproximatelylS,nllkg,therewasgenera}lyllttleornofalllnar-

terial presslrre, and only a moderate decrease ln central and femoral

venous pregsures. During thls lnterval, hlndquarters' blood flow feII

preclpitously'suggestlngintenseconstrlctionoftheartèrioles'lnthat

vascular bed. The venous wedge pressure fell in parallel with the de-

creased flow. After a¡t arterlal pressure of 50 nm IIg was reached, the

hindquarters blood flow remaLned relatlvely constant, as dld femoral and

central venous pressures. The only parameter to show a conslstent change

wag venous wedge pressure, whlch generally began to lncreage as soon as

thè arterlal pressure had stablllzed at 50 mm Hg. It was 13.3 + I'7 cm

of sallne at IBV, and had risen to 2O.1 t 1.O cm sallne at 2O% uptalre'

In most experlments, the venous wedge pressure had stopped lncreasing by

the tlme 2O7o uptaKe was reached, but termlnatlon of the increase in wedge

pressure bore no consistent relatlonshlp to the slope change of the plasma

proteln concentratlon curve.

Eventslnthemesenterlcvagcularbed(Fie.15)wereslmilar

to those ln the hindquarters €xcept that the venous wedge pressure tended

to increase earller and more rapldly" In some cases, the lncrease begatr

during early hemorrhage, before an arteri.al pressure of 5o mm tlg had been

reached. snall venous wedge pressure i'nltlally fell wlth the decrease in

flow as in the hlndquarters vaseular bed" However, even during early

hemorrhage, the wedge pressure tended to rlse durlng lntervals when the

flow was not decreaslng. After IBV was reached, the wedge presar¡re rose
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-105-

rapidly, from 15.6 + 1.3 to 22.O ! 1.2 cm of saline at 20% upiake.

The admini.stlation of atropine intra-arterially to the hind-

quarters vascular bed in doses larger tha¡r those required to blocl< the

cholinergic vasodilator system (Uvn'ås, 19OI) (FiS. 16) had no effect on

either blood flow or segmental vascular pressures during hemorrhagic hypo-

tension. tvlepyramine admj-nistered Íntra-arterially induced a transient

arterioLa.r dllatation, but fiow returned to the preinjection leve1 v¿ith-

in one to 2 minutes after eaeh injection. Pheuoxybenza¡nine iniected

intra-arterially increased hindquarters blood flol in every e:<periment.

The increase in flow rvas often associated with a transient increase in

veilous rvedge pressure. Horvever, this rvas alrvays follorved by a fall 1n

the rvedge pressure, generally to rvell below the leveI prior to phenoxybenz-

ami¡re adminisiration, altlrougir the blood florv remained elevated.

Co¡r.nrent

The pressure measured with a venous catheter wedged in a retro-

grade directio¡r is that of the closest peripheral collaieral vessels

tÌrrough which blood is flovring. Tiris pressure is deterrnined by the ar-

terial pressure and its transnission across the intermediate resistance

vessels, the pl'essLlre 1n the large vei¡rs draining the vascular bed, and

the to¡re of the sma1l veins at the leve1 of measurement. After the hypo-

telrsive level of 50 mrn Hg rvas reached, arterial pnessure rvas held constant 
'

and ftorv, reflecting precapi-t1ary resistance, did uot change apprecÍab1y.

Thus, an :lncreased transmission of arterial pressure could not have been

responsible for the increase in wedge pressure which rvas observed in every

animalj Also, sÍnce large vein pressure was constant or fal1ing, the in-

creasecl verlolrs rvedge pressure could not have been due to ttback pressure"
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from lariger veins or the right atrium. This indicates that the increase

irr venous wedge pressure aftet IBV was due to constrlction of small ve1¡rs

near the level of measurement. Thls lnterpretation is consistent wlth

the hypothesis that ultrafiltratlon of fluid from the vascular space dur-

ing decompensation is due to a change in the ratio of precapillary to

postcapillary resistance, wlth precapillary reslsta¡rce staylrrg relatively

constant and postcapillary resistance progresslvely increasing. The re-

sults of the e)q)eriments in which arlrqinistration of phenoxybenzamine or

noradrenaline, respectively, delayed or potentiated the loss of fluid

from the vascular space suggest that the lncreased postcapillary re-

sistance during hemorrhaglc hypotensio¡r is due to activity of the synpath-

etic nervous system. The ad¡nÍnistration of phenoxybenzamine in experi-

ments of tire present group loryered the small veln wedge pressure despite

an increase in lrlood flow, and thus an increased transmission of arterial

pressure to the region ln which wedge pressure was measured. The fallure

of atropine, an antlchollnergic agenü, and mepyramlue, an a¡rtihistaminic'

to reduce the wedge pressure indicates that the effect of phenoxybenzamine

was ¡rot due to irrhibltion of ef f ects of histami¡re or acetylchollne, but

to block of the actions of catecholamines on the cx receptors of postcapil-

lary resistance vessel smooth muscle, and thus of vasoconstrietion clue to

sy:irpathetic nervous system activlty.
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SPECIFIC EXPERTImNTS, RESULTS AND COI1fi{ENT

B. Anclllary Studies on Sympathetic Nervous System

Involvement in Hemorhaglc Shock

(Sectlons XII to XVII)
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Section XII

Effects of Hemorrhagic Ilypotension and of Adrenerglc Blockade on Blood

Flows to the I(idney, Gastrolntestinal Tract and Hindquarters of the Dog

It ls frequently stated that si¡ock is assoclated with consider-

able vasoconstriction, but there is a relative paucity of information on

its distribution, and, in fact, some disagreement as to whether quantita-

tively important generalized arteriolar constriction does occur (Green,

196I). In addltion, it is quite clear that adrenergic blocking agents

ca¡ change the course of shock, and it is suggested that thls is due to

lnrproved perfusion of vital structures, but there is littIe quantitative

information on the effects of adrenergic bloclçade on blood flow to var-

ious vascular beds during the development of shock. Data from the experl-

ments reported in section x, which were designed to explore the possibil-

ity that the preeapillary resistance vessels lose their tone during hemor-

rhagic hypotenslon, have been utillzed also in an analysÍs of changes in

the pattern of regfonal blood flows durlng hemorrhage and hypotension,

and of the effects of aclrenergic blockade. The welghts of the control

and PoB-pretreated dogs were very simllar, 14.1 f 1.0 and I4.0 t 1'1 hg'

respectively, which made it possible to compare blood flows in the two

groups quantltattvely. The Ivlethods enployed ln these experiments \,vere

described in Section X.

Results

Blood florvs to the mesenteric, renal and

becls in control and POB-pretreated dogs at various

rhaglc shock procedure are shown in Table XIII'

hindquarters vascular

stages ln the hemor-
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. The mesenteric blood flow in the control dogs was 178.6 +

25.3 ml/min 30 minutes before, and 164.0 t 2O,1 ml,/min just before the

onset of hemorrhage. By the time an arterial pressure of 5O mm Iþ was

reached (IBV), the mesenteric blood flow had fallen to 43.1 t 8.3 ml,/min.

The characterÍstic relatlonship between changes 1n arterial pressure and

1n ¡nesenterlc blood flow during hemorrhage is shown in Flg. L7, In all

cases, a precipltous fall in mesenteric blood flow occurred during the

first 15 minutes of hemorrhage (15-20 nl,/kg), rvhlle arterial pressure

fell very little. Mesenteric florv had generally fallen to a third or

less of the control value before arterlal pressure began to decrease rap-

idly. In the dog shown in Fig. 17, mesenterlc blood florv had fallen from

450 to 135 mlr/min rvhen the BP had decreased only 15 mm lþ. After this,

the arterial pressr¡re fell much more rapidly, and the meseirteric flow,

much more slowly. As pointed out in Section X, flow changed very little

duri¡lg the period, rvhen arterial pressure was held at 50 nm Iþ.

The increas.e in mesenteric flow during reinfusion was also char-

acteristically related to tire increase ln arterial pressure, as can be

seen in Fig. 17. The flow in this vascular bed was greater during rein-

fusion than during heraomhage at all perfusion pressures in every dog

studied. However, the highest mesenteric blood flow attained by the con-

trol group at reinfusion was 137.4 + 39.I nl,/min, conslderably belorv the

prehemorrhage va1ue, because the perfusÍon pressr¡re did not reach the con-

trol level. (See Section X.) During the terminal spontaneous fa1I in

arterial pressure after reinfusion, the mesenteric pressure-florv curve

cì.osely resenrbled that during tlre initial hemorrhage. This relationsbÍp

is also evicìent ln Fig . L7.
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Phenoxybenzamine pretreatment lnduced tnajor changes in mesent-

eric blood flow both in the control perlod and during henorrhage. Thirty

minutes before hemorrhage, the mesenteric blood florv in pretreated anlmals

was 318.6 ! 52.0 rnl,/mln, and 1t was 302.8 ! 47,5 n\/mln Just before hemor-

rhage, both slgnlficantly greater thair those of the control dogs (P < O.01).

The retationsirip between the faII in arterial pressure and the mesenteric

flol during hemorrhage rvas qualitatively sirallar to that of the control

dogs, but tbe flows were higher at all perfusion pressures. The mesent-

eric blood florv of P0B-pretreated dogs was significantly greater than

that of the control animals at IBV and throughout the eirtire period of

hypotension. There vJas no tendency for the flow to increase wirile the

pressure was maintained at 50 nun P.g in any of the anlmals studied.

Mesenteric blood flow increased rvith the increase in perfttsion

pressure durlng reinfusion, in a manner qualitatively the same as i-¡r

co¡rtrol dogs, but the curve was higher on the flow axis. Both mesenteric

blood flory and perfusion pressure reached higher levels a¡rd were better

mai-¡rtained in the PoB-pretreated group. The difference between the mes-

enteric blood flows of P0B-pretreated and control dogs increased as the

cardiovascular system was stressed by hemorrhage. Flow v/as about 80%

greater in pretreated animals prior to henrorrhage, and thj.s differetttial

increased to 13O% at IBV and I42% after 150 rninutes of hypotension. It

decreased to 55% after reinfusion.

Tire renal blood f low of the control dogs was 159. 4 t 25"4 ml,/min

30 minutes before hemorrhage, and 150.4 ! 29.1 rnl/min iust before bleeding.

During hemorrhage, the relationship of flow to perfusion pressure was

clistinctly different from that of the mesenteric bed, as can be seen iil
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FÍg. 18. I¡rstead of an initial steep fall in flow, with relatively

IittIe decrease in perfusion pressure, the renal blood flow remained

relatively constant through a considerable fall in perfusion pressure.

Florv begau to decrease at arterial pressures iJetween 80 and 10O mm Hg,

but never as rapidly as it did in the meseuteric vascular bed. Rena1

blood flow decreased somewhat more rapidly when the pressure fell be-

Iorv 70 mn Iþ. Mesenteric blood flow remalned relatively constant while

the arterJ.al pressure was held at 5O nm Hg, but the renal blood flow

fell progressively duri.ng this period, and the value just before rein-

fusion was only 44% of that at IBV. The two vascular beds also re-

sponded quite differently to reinfusion. Blood flow in the mesenteric

bed was higher at each perfusion pressure during relnfusion than it

rvas during hemorrhage, but after periods of hemorrhagic hypotension

of 2,5 or 4.5 hours, blood flow to the kidney was always muoh lower

(Fig. 18). Dtrring terminal hemodynamic deterioration, the renal blood

florv tended to faIl along the same pressure-flour curve lt followed during

reinfusion. TIre elevated renal vascular resistance rvl¡ich persisted in

spite of reinfusion and inåreased arterial pressure, and factors in 1ts

genesis are explored further in Sections XIII to XVI.

In contrast to that of the intestlne, the renal blood flow

vras not significantly greater ln PoB-pretreated than in control dogs

prior to hemorrhage. During hemorrhage, the relationship between perfus-

ion pressr:re and renal blood flow was similar in pretreated and control

dogs except that flows tended to remain higher Ln the former" At IBV,

the renal blood flow in the POB-pretreated dogs was significantly greater

(63.4%) than that of the controls, and remalned stgnificantly greater
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throughout the period of hypotetrsion, being more than double the con-

trol value (116% greater) just prior to reinfusion. Rena1 blood flow

also showed less tendency to remain depressed after reinfusion in the

P0B-pretreated animals.

Differences in the renal vascular responses to hemorrhagic

hypotension in POB-pretreatecl and control dogs were paralleled by dif-

ferences ln urine output following reinfusion (Fig. 19). The mari<ed re-

cluction in renal blood flow was associated rvith anuria in 8 of the 9 con-

trol dogs despite arterlal blood pressures exceeding I00 rm llg follolving

reiufusion. All 10 POB-pretreated dogs diuresed at this time, and in 5

ihe rate of urine productlotl was higher after reinfusion than before

hemorrhage.

Respo¡ses of the vasculature of the hiudquarters (skin and

muscle) to hemorrhaglc hypotension were similar i-n several respects to

those of the mesenteric vascular bed" ilindquarters blood flow fell

precipitously during the early perlod of hemorrhage, although perfusion

pressure rvas rvell maintained. Tire flow had fallen from a control vaLue

of ]5g.0 * 11.1 to 52.9 ! l2.O ml/min at IBV, and remained close to this

Ievel for the enti.re period of hypotenslon. There \,vas no tendency for

florv to increase. As in the mesenteric bed, blood flow to the hlndquart-

ers was hlgher at every perfusion pressu:re during reinfuslon than it had

been during henrorrhage, and during terminal cardiovascular decompensatioir,

it feII along the same pressure-flow curve as during the initial hernorrhage.

Hi¡ciquarters blood flov¡s of P0B-pretreated dogs before hemor-

rhage were signlficantly greater (P = 0.05) than those of the controls.

Dnrirrg hemorrhage, the florv feIl from 254.4 ! 42.I to 63,4 ! L2.7 m\/mín

at IBV, rvlth a presslrre-flow relationshlp gualitatively sÍmi1ar to that
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of the controls. At no time during the period of ¡naintained hypoten-

sion was the blood florv to the hindquarters ln POB-pretreated dogs

significantly greater than that of the control animals. As in the

other vascular becls studied, there lvas no tendency for hindquarters

blood flow to increase while the arterial pressure was maintained at

50 mm Iþ. The respo¡rse of þlood flol to reinfusion was the same i.n

PoB-pretreated and control dogs.

The overall effect of POB pretreatment on the response to

hemorrhage was entirely different in the hindqrrarters as compared to

the mesenterlc and renal vascular beds. Hindquarters blood flow was

significantly greater (55 to 60%) in the pretreated group before hemor-

rhage, btrt this differential clecreased during hemorrhage, to as l1ttle

as 20,7%. In contrast, henorrhage cat¡sed a progressive increase in the

difference betrveen pretreated and control dogs, in the mesenteric and

renal blood flor'¡s. This reached I42% and LI6% greater florvs in the ¡ues-

entef ic aird renal beds, respectÍ-vely, of pretreated anima.ls late in the

period of henorrhagic hypotension.

Comnent

The results reported in this section indicate important dif-

ferences both in the respo¡rses of different vasculâr beds to henorrhagic

hypotension, a¡rd in tire effects of POB pretreatment on these responses.

Tne rnesenteric vessels constricted severely early in hemorrhage, and the

vasculature of the hindquarters responded only slightly less. I¡r con-

trast, the re]lal vessels tended to "autoregulate" through the early period

of hemorrhage, and renal bloocl fLorv fel1 less rapidly than did arterial

pressure. Ðuring the periocl rvhen arterial pressure rvas held constarìt, the
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me.senteric aì1d hindquarters blood florvs rvere stable, rvhereas the renal

flor'¡ fell progressively during the first hour or more of naintained

hypotension. Another irnporiant difference was apparent during reinfus-

ion, when the mesenterlc and hindquarters blood flows rvere higher at

every perfusion pïessrue than those reqorded during hemorrhage, whereas

renal blood flow rvas well belorv what it had been at comparable perfusion

pressures during hemorrhage.

Phenoxybenzamine pretreatment increased blood flow in all of

the vascular beds studied at sorne phase of the experimental procedure.

Horvever, the patterns and magnitudes of the increased f low variu¿ "otl"id-
erably. Dr.rring the control (prehernorrhage) period, POB pretreatment in-

creased blood flow most 1n the nesenterj.c vascular bed, somewhat less in

the vascular bed of the hinclquarters, and to onty a sligirt extent (not

staiÍstically significant) in the renal vascular bed. The difference

bet,rveen the blood florvs of pretreated and control dogs increased in the

mesenteric and renal vascular beds during the inductlon and maintenance

of hypotension, but decreased 1n the hindquarters. the differences be-

ttveen control and POB-pretreated dogs in mesenteri.c and hindquarters

blood florvs did not change during the period of maintained hypotenslon,

but the difference ln renat blood flotr increased progresslvely.

If one accepts changes In vascular resistance and the effects

of POB blocl<ade as indices of syrnpathetic nervous system actÍvity, the

above fi¡dings suggest that there j-s a characteristic, highly organized

sequence of regional vasoconstriction lnduced by the sympathetic nervous

system ln response to hemorrhage. During the control period, the dogs

were under moderate stress from the anesthesthetic and the surgery neces-

sary for ttre direct measurement of blood florv. At this time, phenoxybenz-
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amine increased blood florv to the vascular beds studied, in the order

mesenteric > hÍndquarters ¡ kidreey, suggesting this same distri.bution of

syrnpathetic vasoconstriction. Addition of the severe stress of he¡rior-

rhage increased the vasoconstriction in the three vascular beds in quant-

itatively the same order, as indicated by the pressure-flow relatlonships'

Differences between the POB-pretreated and co¡rtrol animals increased in

parall-el, lndicating that the vasoconstriction was due to increased sSrm-

pathetic nervous system activity. After IBV was reached, mesenteric and

hindquarters vascular resistance remained constant, perhaps at a physiolog-

ical itaxirnum, but renal resistance and the difference in renal blood florv

between PÛB-pretreated. and conirot dogs continued to increase during the

pei.iod of maintained hypotension. These observations suggest that the

renal vascular bed, rvhich shorved little evidence of sympathetic vasocon-

strictor tone during the control pqniod and the initial portion of the hemor-

rhage, was t'caLled upon" to constrict only after ottrer vascular beds had

approached their maximal response. However, once constriction of the

renal vessels began, 1t was progregsive and very marired.

The present findings lndicate that the sympathetic nervous sys-

tem does not induce vasoconstriction in response to stress in an ttall-or-

none" mar¡¡ler, but displays a high degree of selectivity. This concept

has been clearly suggested recently (Folkow et 41. I 1961), but has uot

yet achieved rvide accePtance.

A finding of particular interest was the maintenance of the

increased renal vascular resistance after reinfusion" This phenomenon is

apparent in the data of some earlier investigators, e'8', in Fig' 5 of

Phillips et aI" (1946), and was pointe,l out in the clinical study of

Lauson et 41.. (Ig4Ð, but tlre mechanisms involved have not lreen investi-
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gated. The maintained Íncrease in vascular resistance appears to occur

only in the l<idney, being absent from the other areas included in the

present study and in several additional vaScular beds such as those of

the brain and myocardiu¡n where there 1s 1ittle vasoconstrictor response

to cardiovascular stress (Green, 1961i Gregg ' L962) ' Furthermore, POB

pretreatment partlally inhibited this renal vascular response and com-

pletely prevented the accompanying anurla. These observations are of

particular significance because the kidney is known to be very suscept-

ible to damage from cardiovascular Stress, acute renal failure being a

relatively coÍImon scquel of shock (Frank1in and Meryil, 1960) . The

production of a persiStent increase in renal vascular registance and

the meclranisms involved were lnvestigated further in the experiments

reported in Sections XIII to XVI.

Section XIII

Relationshlp of Renal Vascular Response to

Rate of Hemorrhage

Itwasnotedinthepreceding,experimentsthattherelralvas-

cular bed ttautOregulatedtt in resp9n6e to hemorrhage, i.€., mai-ntained a

blood flow greater than expected on the basis of the decreased perfusion

pressure. Similar observations have been made in other quite recent stud-

ies (Sapirstein et aI., 1960; Abel and Murphy, L962). However, earlier

investigations indicated that the fal] Ín renal btood flow associated

rvith hemorrhage was greater than the faLl in perfusion pressure, i.e.,

tlrat active renal vasoconstriction occurred (SetXurt, 1945; Phillips

g! ar. , 1946). These trvo groups of studies differed iu that clearance
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technlques were used to measure renal blood florv 1n the early experi-

ments. Because this became impossible when urine output ceased, breed-

ing tended to be done slowly to prolong the period preceding anuria' In

the more recent studies, methods for measuring renal blood flow which

are independent of urine output have been used and, probably for this

reason, the hemorrhage enployed has tended to be much more rapid, ê'8"

to reduce the arterial pressure to 5O mm Hg in 30 minutes in the present

investigation. The following experiments were undertaken to assess the

effect of raie of hemorrhage on the renal vascular response as a possible

explanation for the above discrepancy'

Xfethods

Dogsrverepreparedforhemorrhageandforthemeasurementof

renal blood f}ow, urine output, arterial pressure and bleeding volume

as in previous experiments. I{owever, the rate of bleeding rvas varied'

Ehe arteriat pressure was reduced to 50 nm IIg over 90 minutes i'n 4 dogs 
'

and 5 were bled even more slorvly, to reduce the arterial pressure to be-

tween 70 ancl I00 mn Iþ over a period of more than 3 hours. In the latter

group, phenoxyþenzamine (s ng/trg) was infused intravenously at the end of

the hemorrhage, blood being reinfused slowly as required to prevent a

precipitous fall in arterial pressure'

Results

TheresultsofatypicatexperÍmentinvolvinghemorrhageover

a 9O-minute poriod are shown in Fig. 20. In all of 4 dogs subjected to

this procedure, the autoregulation characteristlcally seen during a 30-

minute hemorrhage was either much less marked' or absent, reital blood

flow falling progressively as the perfuslon pressure decreased' Blood
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RESPONSE TO I.5 HOUR

IIESET{TERIC BEO

HEIdORRHAGE

Íl RENAL

i.l

:)

BED

BLOOD PRESSURE

mm Hg

Figure 20. Responses of I'lesenteric and Renal Biood Flotvs to

It4oderately Slorv Hemorrhage. Arterlal pressure reduceci to 50 :nm iìg

over 9O minutes. ltrtost of the "auio:'egulation" of 'uhe renal vascular

bed in response to a 3Q-minute henoilhage (Fíg" 18) lvas eiininated

by the slower bleedj.ng, but i;he response of the mesenteric bed vas

changed very little.
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flow in the mesenteric and hlndquarters vascular beds fell preclpitouely

prtor to a major decreage 1n perfusion pr€ssure, as in experinents lnvolv-

1ng more rapid hemorrhage.

In all of the 5 dogs bled even more glowly over a 3-hour perlod,

renal blood flow decreased markedly and contlnuously despite relat,lvely

weII malntained perfusion pressure (Fig. 2I), nuch l1ke the responses of

the mesenteric and hlndquarters vasculatures to more rapid hemorrhage.

In assoclation wltb the reduced blood flow, urlne output feII progresaively,

and 1n most experlments ceased before the perfusion pressure fell below

90 mn Iþ. After anurla had developed, the administration of phenoxybenz-

amine increaged renal blood flow and caused resumption of urlne produc-

tion despite a. further decr:ease ln perfusion pressure duri.ng the drug ad-

mlnistratlon iu many of the animals. Rate of hemorrhage was plotted

against change in renal vascular resistance for lntervals of hemorrhage

during whicb a volume of blood greater than 8 ml,/kg was removed (Fig , 22r.

The correlation between decreased rate of bemorrhage and lncreased re:

sistance change is obvious. It is apparent from these results that one

of the determlnants of renal blood flow during hemorrhage was the rate

of bleeding. The effects of phenoxybenzamine suggest that not only was

the increased resistance due to vasoconstrlctlon mediated by the sympath-

etlc nervous system, but that lt was sufflcient to induce anurta or o11g-

uria despite perfusion pressurea generally ooneldered adequate to maintain

glomerular f iltration.

The demonstrated correlation between rate of hemorrhage and renal

vasoconstrictlon provldes an explanation for the dlscrepancies in previous

reports on the relatlonshlp of perfuslon pressure to renal blood flow durlng

early. hemorrhage. No adeguate explanatfon for the effect of rate of hemor-
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c dur¡n9 HEMORRTAGE

v ollet F O E¡ odmlñ,

TO 3-HOUR HEMORR}IAGS

BLOOD PRESSURE

mm t4g

Figure 2I. Responses of Terminal Aortic and Renal Blood Flows to
Very Slow Hemorrhage. Arterial pressure reduced only ';o 100 nur Hg

over 3 hours. Response of renal vascular bed is sinrilar to that
shown by mesenteric and aortic beds at all rates of he¡norrhage,

Adminj.stration of phenoxybenzamine caused a marked increase in fiow
in both beds and a dÍuresis despite a considerable further reciuciion

:Ln pressure. Iìeinfusion of blood was staried 20 rniirutes after

¡:Ìrenoxybenzamine (POB) to prevent al'cerial pressure fro¡:t falìing
ì¡eIorv 75 mrn !ig.
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ts apparent that if the arterlal pressr¡re falls

nervous system activlty is capable of overconing

Sectlon XIV

Relatlonship of Duratlon of Hypoteneion to the

Maintalned Increase 1n Rena1 Vascular Beslstance

Renalbloodflowincreasedverylittlewhenthearterlalpres-

sure vras lncreased by reinfusion of the sbed blood after a prolonged peri-

od of hemorrhagic hypotension, although reinfusion effectively dllatated

the vascular beds of the hlndquarters and lntestlne' since the persistent

decrease in renal b100d flow was associated wlth anr¡rla desplte perfuslon

pressures adequate for glonerular filtration (Coe1ho and Bradley' 1964)'

tbls observation was of considerable interest. A slnllar oliguria or

anurla, referred tO as acute renal failure' 15 a relatively common sequel

to a period of hemodynamlc collapse in man (Lauson et a1,., L944), which

has freguently been attributed to decreased renal blood flow' The reason

forapersistentdecreaseinflow,desplterecoveryofmostcardiovascular

functions is oþscure, However, the incldence of acl¡te renal fallure fol-

Iowinghemodyuamlccollapselnmanappearstolncreasêwiththeduratlon

of the precedlng interval of shock (Nickerson et aI., unpubllghed observa-

tions). The following experluents were undertaken to determine the rela-

tionshlp of duratlon of hypotension to the reeultant maintained increase

in renal vascular reslstance'

fwenty-seven dogs were bled over 3O minutes to an arterial
Methods
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pressure of 50 run Hsl, and all of the blood ln the reservoir was reinfused

after t.o minute or 1.0, 2,5, ot 4.5 hours at thls presf¡ure; 14 0f these

dogs were preEreated wlth phenoxybenzamine (5 ng/kg) given lntravenouely

18 hours before the experiment. Renal btood flow and arterlal blood

pressure were measured continuously during the period of hypotension and

for at least one hour after reinfugion. The dogs malntained at 50 nn Hg

fot2.Sand4.Shoursarethesa¡neasthosedescrlbedtnSectionX.

Anindexofmalntainedrenalvasoconstrictlonwagugedtofacill.

tatecomparisonofvariousanimalsandgroups.Thisv'astherenalblood

florv at an arterial pressure of I0O nn IIg during reinfusion, expressed

as a percentâge of the flow at the same perfusion pressure during the ini-

tial hemorrbage. An index of I00 lndicates identical flows at the two

points; an index of less than 1O0n that the ftow was lower durlng rein-

fusion tban during lremorrhagel etc'

Results

Data from this series of experiments are shown ln Fig' 23'

After 1.o minute of hypotenslon, 5 of 6 control dogs had an j.ndex greater

tban 100 (mean 132), lndicating that renal vascular resistance was lower

duringreinfusionthanlthad'beendurlnghenorrhage.Afterl.ohourof

hypotenslon,4 of 5 dogs had increased renal vascular reslstances at rein-

fuslon, and the mean index fell to 86. Fr¡rther prolongation of the period

ofhypoter¡sioncausedafurther'progressivedecreageintheindex't'o

means of 62 and 42 after 2.5 and 4'5 hours' respectively'

PhenoxybenzaminedidnotchangetherenalvagcularrespoDses

to the shorter periods of hypotenslon, buü tbe indices of PoB-pretreated

dogs were slgnificantly hlgher than those of the controls after prolonged
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hypotension (P < 0.05 i:y Chi-squared analysis).

Commeut

It is apparent frora the above experiments that the development

of maintained renal vasoconstriction was dependent on relatively prolong-

ed hypotension. After periods of 2.5 hours or more, tbe persistent vaso-

constriction was associated with complete anuria. Pretreatment with phenoxy-

berizamine partially prevented the maintalned renal vasoconstrictlon and

completely prevented the anuria. This indicates that the sympathetlc

nervous system is lnvolved in the genesis of both, either through local

release oÍ noradrenaline at efferent nerve endlngs, or vla circulating

catecholamines.

Section XV

Mechanism of Mai-ntained Renal Vasoconstriction

after Prolonged HYPotension

current knowledge of synpathetic nervous syBtem function pro-

vldes no oþvious basis for a persistence of vasoconstrlction after rein-

fusion and the associated etevation of arterial pressure. However, a

mechanism by which effects of sympathetic activity might persist after

reinfusj-on is tluough an increase in renaL tissue pressure. since the

kidney has an inelastic capsule, edema of the renal parenchyma could in-

crease tiSSue pressure, and thus passively increase renal vascular re-

sistance and reduce blood f1ow. This has been suggested as a possible

¡xechanisn i¡r the induction of acute renal failure in man (Franklin and

Merril, 1960). In this series of experiments, an attempt \ryas made to

determine the mechanism responsible for the maintained lncreaSe in renal
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vascular resistance.

ldetbods

Ten dogs were bled to and maintained at an arterial pressure

of 50 mn Frg. In addition to the measureioent of renal blooci flow and per-

fusion pressure, renal tissue pressure was continuously monltored by

means of a Zr.-gauge needle i.nserted about 3/4 ínctr into the renal parenchy-

ma and coupled to a Statham P 23BB pressure transducer. Zero pressure

was taken at the level of the renal hilum. Patency of the system was

cheched at lntervals by injecting 0.0I to 0"O2 nI of 0.9% NaCl into the

systen a¡rd monitoring the resulting pressure transient.

The activity of the sympathetj.c nerves to the renal vascula-

ture, after the period of irypotension and reÍnfusion, was assessed in

8 ciogs. In 4, the kidney was denervated by sectioning the nerves in the

renal pedicle betrveen ligatures, and infiltrating I .Olo procaine solution

into the area, care being taken to avoid intravascular injection. In

another 4 dogs, guanethidlne (10.0 mg,/injection) was administered intra-

arterially until additional doses had no further effect on renal blood

flow. Phenoxybenzamlne (5 ng) was then given intra-arterially. In the

Iatter dogs, urine output, as well as renal blood flow, was measured.

In an additional series of 7 dogs, an attempt was made to de-

termine the duration of the maintained vasoconstriction by denervating

the i<idney at varíous intervals after reinfuslon. Horvever, these dogs

rvere in severe hemodynamic decompensation and tol,erated the manipulations

pocrly. Their arterial pressures fell rapidly, and most of them died too

soon to allow assessment of the effects of denervation. OnIy one dog

had an arterial pressure high enough to allow renaÌ denervation to
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be carried out one hour after reinfusion, and its effects assessed.

Results

The relationship betrveen renal tissue pressure and renal vas-

cular resistance is shown i.n Table XIV and Fig. 24. Tissue pressure fell

during hemorrhage, and rose again at reinfusion, but, there was no tendency

for the renal tissue pressure to increas€ to above the control leve1 dur-

ing the period of maintained renal vasoconstriction. As shown in Fig. 24,

renal vascular resistance tended to remain high despi.te tlssue pressures

belorv the control values, and lorver than those recorded at comparable ar-

te¡'ial pressures during hemorrhage. lissue pressure was greater during

reinfusion ttran at the same arterial pressures dirring hemorrhage in only

one of the ]0 dogs, and this increase was only 0.5 mra Hg.

the effects of denervation of the hidney wer€ qualitatively

similar in all experiments. The denervation was carried out after 2.O

to 2.5 hours of hypotension, rvhile the dogs rvere still at an arterial

pressure of 50 mm $g, and resulted j.n an im¡nediate large lncrease in renal

blood flol. The flov¡ increased furtber during reinfusion, reaching ap-

proxlmately 9Ofo of the control level in 3 of the 4 dogs, and actually

exceeding the control value in the oxperiment shown in Fig. 25.

îhe response of renal blood flow to guanerthidine, given after

reinfusior¡ and demonstration that maintaÍned vasoconstriction was present,

had two characterlstic components. In every case, the initial dose pro-

dused a transient decrease in blood flow, followed by a progressive in-

crease. In one of 4 dogs, intra-arterial guanethidine, alone, raised

renal blood florv to the control level (nig. 26>. In the other 3, guanethi-

dine administration increased flow to 85% or more of the control value.
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durlnrg HEMORRHAGE

during REINFUSION

r50

BLOOD FLOW

ml / min

50
BLOOD

loo
PRESSURE mm Hg

Figure ä. Bffects of .Renal Pedicle Denervation on Renal Blood

I¡1ow duríng l-Iemorrhagic Hypotension and P.einfusion. De¡rervation

rvas done after 2.5 hours at an arterial pressure of 50 nr:n Hg. Blooci

florv increased immediately and continued to rise during reinfusion

rvithout evidence of the sustained vasoconstriction which would 
.

otherwise have been exPected.

DENERVATED KIDNEY

Itì(}



-136-

Subsequent intra-arterial administration of phenoxybenzamine resulted

in blood flows equal io the control values, i.€., conplete abotition of

the maintaj-ned renal vasoconstriction. In the 3 dogs in which urine

output was measured, abolition of the maintained vasoconstricËion was

associated rvittr resumption of urine output (Fig. 27)'

1theresponseoftheonedog,inwhiciritwaspossibletoden-

eivate the renal pedicle one hour after reinfusion, was very sinilar to

the responses to guanethidine ancl POB (Fig. 28).

Co¡rulent

The results of these experinents indicate that it is highty

unlii<eIy ,chat renal interstitial edema plays any role in the genesis of

'che persistent decrease in renal blood flow seen in'ulediately following

pfolonged hypotension. It appears probable that the deereased blood

flov¡ is largely due to vasoconstrictj.on produced by sympathetic nervous

systenr activity, which persists despite reinfusion ancl the associated in-

crease in arterial pressure. Bo',¿h denervation and tbe administration of

guanetbidine, an agent which interferes r,vith the effects of sympathetic

nerve acti-vity, but not those of circulatlng catecholamines, resulted ln

conplete or almost complete abolition of the maintained vasoconstriction'

Section XVI

Hemodynamic Effects of Prolonged Infusion of

Noracìrenaline in the Dog

Si¡rce Prevention of

amine pretreatment Prevented

maintaiiìed vasoconstriction by phenoxybenz-

otiguria and abolition of the maintained vaso-
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EFFEGT OF GUA NETHIDINE ON

MAINTAINED RENAL VASOCONSTRICTION

too 150

BLOOD PRESSURE

mm Hg

Figure2g.EffectofGuane.uhidineonx{aintainedRenal
Vasoconsiriction" The guanethidine rvas administered

intra-arterially following the reinfusion of all sbed blood

after 2.5 hours of hemorrhagic hypotension' Abolition of the

mai¡tained renal vasoconstriction ÏJas assoclated witb resumption

of urÍne foxmation.
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Figure 28. Effect of Renal Pedicle Denervation one Hour after

Relnfusion on Renal Blood Flow. Note the prompt increase in flow

despite a considerable fal1 in arterial pressure due to the

manipulations incident to the denervation.
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constrictionafterreinfusionrestoredurineoutput,itseemedlikely

that the anurla following prolonged hypotension in these dogs was due

tothepersistenceofvasoconstrictioninducedbynoradrenalinereleased

at sympathetic nerve endings irr renal vascular smooth muscle' Ilowever'

these observations do not distiirguish between an unusual sensltlvity of

the renal vessels and a persistent sympathetic discharge to explaln the

unique behavior of tbis vascular bed. The following serles of experi-

ments rvas performed to assess the contributions of these two factors to

the maintalnecl renal vasoconstrlction'

Methods

Tendogswerepreparedforthemeasurementofarteriala¡rd

centralvenouspressures,bloodflowstotherenal,mesentericand

hlndquarters vascular beds and urine output" Arterial blood samples

were taken serially for the determination of plasma protein concentra-

tion.Aftertheseparameterslradbeenstableforatleast30mlnutes'

an.infusion of noradrenaline (2.0 to 3.O ¡¡g/kg/mín, calculated as the

base)wasbegun.Thelnfusionwascontinuedfor3hours,andthedoge

werestudledforatleastanhorrraftertheendoftheinfusion.Three

of the dogs tben recelved an infusion of clextran sufficient to raise the

arterialbloodpressureto"coDtrolleve}s,andrena.ì-bloodflowandurine

output were monitored for an aclditional period'

Besults

The carcliovascular effects of a 3-hor¡r infuslon of

areshowninFig.29,Thearterialpressureroselnitially

dogs, reached a maximum within 5 minutes' and then began to

noradrenaline

in all of the

fall progress-
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iligure 29. cardiovasculâr Effects of Noradrenaline rnfusion.
Changes in arterial pressure, centraL venous pressure, plasma

protein concentration and blood ftorv ín the superior mesenteric
and renal arteries and the terrninal aorta cturì.ng the infusion of
noradrenaline ( 2.o vg/l<g/min) for 3 hours are shown. period, of
infusion is indicated by the solid bar under the arterial pressure
curve. Vertical lines lndlcate S.E. of each point.
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ively. It geuerally reached the control level after 2 to 2.5 hours and

tvas rvell below the control value by the end of the infusion. When the

infusi.on was stopped, the arterial pressure fe1I precipitously, and

did ¡ot rise significantly during the follorving hour. Central venous

pressure te¡rded to increase inltially, but then fe]1 progressively until

the end of tlre it:fusion. Plasma protein concentratio¡r increased progressive-

ly, oï rose rapidly to a maximum early in the course of the infusi-on and

then stayed at this tevel. It often decreased agai.n in assocj.ation with

a fall in arterial pressure, usually after the end of the infusj-on' After

an initial increase in the hindquarters, blood flow fel1 progressively

in aII of the areas i.n tvhich it was nteasured. Calculated vascular re-

sistance increased in all 3 of the vascular beds studied (Fig. 30) ' Renal

and mesenterj.c reslstances iiritially increased very rapidly and continued

to rise throughout the infusiou. The resistance of the hindquarters vas-

culature d1d not show the early precipitous lncrease, but tended to rise

progressively throughout the l¡rfusio¡r" After cessation of the infusion'

the resistances of the renal and hindquarters vascular beds fell rapidly

to within 20% of the control values. The mesenteric vascular resistance

also feII, but remained 60 to 7o/o above the control level'

In association with the lncrease in renal vascular resistancet

urine output felI rapj.dly in every case, and ceased after a variable in-

terval. It did not resume after the infusion of noradrenali-ne was termiil-

ated and the renal vascular resistance fell. Ilor,vever, arterlal blood pres-

sure at this tine usually was below the level necessary for effective

gJ-omerular filtration, i.9., less than 70 run Hg'

The relationship between arterial pressure alld renal bl-ood flow in

a typical experiment is shown in Fig. 31, startlng with the highest arterial



c-o

x-x
a-a

-143-
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TERMINAL AORTA
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Ê
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Figure 30. Changes ln Vascular Resistance durlng Noradrenaline

Infusion. carculated resistances of the superior mesenteric, hind-

quarters (terminal aorta) and renal vascular beds are shown during

3-hour infuslon at a rate of 3.0pg/kg,/min. Arterial pressure lrad

returned to the preinfusion level at I50 minutes. Note particularly

theclosecorrespondenceofcbangesintherenalandmesentericbeds
and the aþsence of maintained renal vasoconstriction after the infusi'on'

This contrasts sharply with the characteristics of the renal vaso-

constriction lnduced by hemorrhagj.c bypotension (nig. 18).

6030
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beforo INFUSION

during ond ofter INFUSION
(from peok BP)

during TRANSFUSION
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Figure_31.. lìelationship of Renal Blood FIow to Arterial Blood

Pressure during and after Noradrenaline Infusj.on. Both

parameters were low after terrnination of a 3-hour infusion
(3.0 ps/xg,/min), probably due to decreased intravascular volume.

Infusion of 6% dextran j.n saline restored both pressure and renal
blood flow to control IeveIs, indicating the absence of maintained

renal vasoconstriction.
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pressure attained in this animal. The administration of dextran after

completlon of the noradrenaline infusion, increased arterial pressures

and renal blood flows and caused resumption of t¡rine output in all of

3 dogs to which thls material was glven.

Com¡nent

After an initial iucrease, arterial presstrre felI progressively

during noradrenaline infusion despite increasing reslstance in all of

the 3 major vascular beds studied. Thls strongly suggests that the fall

in arterial pressure was clue to decreased cardlac output. Although a

clecreased resistance 1n other vascula:: beds could conceivably account for

the fatling arterial pressure, the areas studied represent about 70% of

the total cardiac output, and are those i¡r which the greatest change of

peripheral resistance would be expected to occur. central venous pres-

sure increased initially, probably tbe result of a central shift of blood

from peripheral venous reservoirs and the spleen, but then began to fall

progresSively in association with the development of hemoconcentration'

It has previously been demonstrated that hemoconcentration during a norad-

renaline infusion is associated wlth a progresslve faII of plasma volume

(S¡,rtter, 1963) .

In contrast to the response to hemorrhage, renal vascular re-

sistance increased as rapidly and martcedly as did mesenteric reslstance

during noraclrenaline infusion. AIso, resistance in all 3 vascular beds

tended to increase progressi.vely, rvhereas during hemorrhagic hypotension'

t[e mese¡rteric and hindquarters beds reached an early nraximr¡m and then

plateaued. After cessation of the noraclrenallne infusion, the renal vas-

cular resi-stance feIl to near control levels, again in contrast to the
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response to hemorrhage. The increased renal blood flow and the resump-

tio¡ of urine output indueed by infusion of dextran further demonstrated

that the porslstent increase in renal va,scular resistance seen following

prolonged bemorrhaglc hypotension, was not present after a prolonged nor-

acirenaline infusion. These findings support the suggestion made above that

the pattern of vasoconstriction seen during and following a period of

hemorrhagÍc hypotension was not due to local peculiaritles in the re-

sponse to noradrenaline, but rather, to nnegual release of the tranS-

rnitte¡: at different sites in r esponse to different leve1s of activity

of varlous segments of the sympathetic nervous system'

Section XVII

Effects of Graded Doses of Phenoxybenzamine on Bleeding

Volu:ne and Regional Blood Flows during Hypotensi-on

There is retatively little publlshed information on the dose

of phenoxybenzamine required to achieve complete blockade of vascular

responses to sympathetic nervous system activity' Pretreatment of dogs

witlr phenoxylrenzamlne (5 mg/\ig given 18 hours before each experiment)

decreased the rate of progression of cardiovascular decompensation duriug

hemorrhagic hypotensio¡t, and partially prevented the malntained renal

vâsoconstrlction foll,cwing reinfusion, but abollshed neither. It was

important to knorv rvhetþer these partial effects were associated with

only partlal aclrenergic blockacìe. Consequently, the follorving studies

rvere undertaken tO determltre the phenoxybellzamine doSe-reSponse curves

for several cardiovascular parameters in the dog.



-L47-

Methods

Tendogswerei¡Iedataconstantratetoanarterialpres-

sut;e of 50 mn Iþ, and the shed blood reinfused irnnediately. This pro-

cedure was repeated serially. After the first hemorrhage and reinfus-

ion 1n each dog, phenoxybenzamine in a dose of l' O mg/kg was given in-

travenously,andthebleedingrepeated.Subsequentreirrfusionswere

f ollorved by cumulative doses of 5.0, I0. o ' 
15. O and 2o.o mg/I<g' A

perlod of at Ieast one hour rvas allowed between each dose of phenoxy-

benzamlneandthefollowirrghemorrhage.Noattemptwasmadetopre-

ventafalli¡rarteria}pressureduringtheadministratÍonofthe

blocl<ing agenü in tbese experiments, but in no case did the resting

arterial pressure fa]I belorv 85 mm lrg" Bleeding voluroes were noted

atfrequentintervalsduringeachhemorrhage,audarterialpressure

was recorded continuouslY.

Inanotherseriesof6dogs,superlormesenteric,renaland

hindquarters þlood flows and arterial pressr¡re ÌÃ'ere recorded' as pre-

viously.serialhemorrhagesand,phenoxybenzamineadministrationswere

carried out as described above, except that the total dose of phenoxy-

benzamine ¡lever exceeded I0.0 mg/kg. this limitation was necessary be-

cause of the extensive surgery required to implant the 3 flow probes'

Afterhigherdosesofphenoxybenzamine,continuousoozingofb}oodfrom

the operative sites mac¡e it difficult to maintaiu a satisfactory basal

arterial Pressure.

Results

The

value siÍIilar

IBV before adrenergic blockade rvas 36'2 t 1'9 rnl/hg' a

to those recorded in previous groups of experÍnents'
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Tire IBV did not change appreciably wlth successive bemorrhages in two

dogs bled serially without the administration of phenoxybenzamine. In

tbe group treated with serial doses of phenoxybenzamine' the IBV feII

progressively rvith lncreasing doses to I0.O mg^(g; higher doses did not

further affect the bleedi.ng volume. This dose-response curve is sbown

in Fig. 32.

The relationship between the cumulative dose of phenoxybenz-

a¡uine and blood florvs in the 3 vascular beds at 50 ¡nrn Hg in a typical

experirnent is shown in Fig. 33. As in all of the dogs studied, the blood

flows at 50 mn !þ i¡r this animal increased progressively rvith increaslng

doses of phenoxybenzamine up to 10.0 ns/kg, the largest tested'

Comment

The volume of blood removecl to reduce arterial pressure to

50 rnm Hg is an index which probably combines many effects of the sympa-

thetic nervous system, lncluding constriction of arterioles and post-

capillary capacltance vessels and intravascular fluid galn durlng the hemor-

rhage. The blood flow at 5O rnm Hg offers an i.ndex of arteriolar resist-

ance in the presence of the increased sympatlletic nervous system activÍty

induced reflexly by the reduced blood pressure. It is apparent from

this series of experiments that phenoxybenzamine, in a dose of 5 mg/kg

given I8 bours before an experlment, would not completely block the

cardiovascular effects of the sympathetic nervous system activity Lnduced

by hemorrbage. These results suggest that fallure of phenoxybenzamine to

abolistr completely the naintaÍned renal vasoconstriction and the cardio-

vascular decompensation lnduced by hemorrhage could have been due to in-

complete blockade of the sympathetic nervous system. Further studies

r,¿ould have to be carried out with higher doses of the bloching agent



-149-

IBV
ML/Ks
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POB (Ms/Kg) CUMULAT¡VE DOSE

Figure 32. Ðose-Response curve for Effect of Phenoxybenzamine on

IBV during Relatively Rapid Hemorrhage' Dogs were bled at a

ionstant rate to â pressure of 50 mm Hg and, the blood lmmediately

reinfused. Vertical lines indicate s'E' of each point'
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Figure 33. Dose-Response Curves for Effects of Pbenoxybenzamj-ne on

Reglonal Blood Flows. Animals ìvere bemorrhaged to an arterial
pressure of 50 mm Hg to induce sympathetic vasoconstriction prior
to each flow determination.
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to cietermine the extent to rvhich more complete blockade could further

nodify the resPonses.
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GENERAL ÐISCUSSION
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. Starling (1396) was tlre first to describe clearly the principal

factors regulating the exchange of fluld across capillary walls. Accord-

ing to his formutation, the directlon and rate of transcapillary fluid

movement is determined by the relationship between the net hydrostatic

and colloid osmotic pressur.es across the capillary waII and the func-

tional properties of the capillary memblane. Net transeapillary hyro-

static pressure, capillary hydrostatic pressure less tissue pressuTe'

tends to filter fluid from the blood. Tissue pressure is usually a

iregligible factor and may even be negative and thus act in the same

direction as capillary hydrostatic pressujce (Guyton, 1963). This out-

ward movement of fluid 1s opposed by the colloid osmotic pressure grad-

ient, rvhich is maintained by the relative impermeability of the capillary

rval"I to plasrüa proteins and Ìry the lymplratic system, which returns the

srrall amount of filtered plasma protein to the vascular system, keepi.ng

the interstitial protein concentratio¡r relatively low.

Landis (1934) determined capillary hydrostatic pressure and

plasma colloid osmotic pressure directly, and his measurements provided

experimental support for the Starling hypothesis. F'.lrther confirmation

rvas provicied by the studies of Parrpenheimer and Soto-Rivera (1948). The

latter i¡vestigators pointed out the importance of the ratio of precapil-

lary to postcapiltary resistance in determinlng effective ea-pillary irydro-

stati-c pressure. They also deinonstrated that althotrgh precapillary re-

sistance is the major <ieterminant of blood fLorv through a vascular beci,

a change in postcapillary resistance is 5 to I0 tlmes more effective than

one in precapillary resistance in changing capillary hydrostatic pressure.

I[eIlander (1960) showed that direct sympathetic nerve stlmulation

i¡rcreased precapillary more than postcapillary resistance in the cat hind-
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quarters, resulting in a fall in capillary pressure and a shtft of fluid

into the vascular space. öU."g (1964), worklng with the same experiment-

aI preparatlon, demonstrated that a similar movement of fl.uld occurred tn

response to hemorrhage, even when the arterial and venoug pressures of,

ttre region studied were held constant. As he polnted out, tbis fluid

shlft would be potentlated by a clecrease in arterlal and venous pres-

sures, as genelally occurs during hemorrhage.

Hemodllution and plasma volume replacement follorving hemor-

rhage is a previously well documented phenomenon, as was pointed out in

the Review of the Literature. It has generally been assurned that the

predomlnant factor responsible for the movement of fluid lnto the vascu-

lar Space following hemorrhage is the reduction ln arterial and venous

pregsures. Eowever, hemodilution has been observed to occur in response

to moderate hemorrhage, which dld not necessarily cause a faII in ar-

terial and venous pressr¡reg (ghlen, 1958, Baher ancl Remington, 1961).

Furthernore, it has been clemonstrated that tbe rate of henodilution ls

significantly lower ln totally sympathectomized than in intact dogs fol-

Iowing hemorrhage, despite a considerably greater fall in arterlal pres-

sure (Chien, 1958). These findings are conslstent with the conclusion of

öuu"g (1964) that increased sympathetic nervous system actlvity prays a

part in the compensatory shÍft of fluid into the vascular space followj'ng

hemomhage"

In the experiments reported above, lt was found that the degree

of clilution of plasma protein induced by hemorrhage was identical in co¡r-

trol dogs, and in anlmals infused with noradrenaline or pretreated with

phenoxybeuza¡¡ine. Horvever, maximal dilutlon was achieved much more rapid-

ly in noradrenaliire-treated dogs, and conversely, phenoxybenzamine pretreat-
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ment considerably delayed maximal cillutlon, despite an earlier fal1 in

arterial pressure. These observations corroborate the earlier sugges-

tions that increased eympathetic nervous systen activity is an lmport-

ant factor promoting the shift of fluid into the vascular space follow-

ing hemorrhage. However, it appears that the sympathetic nervous system

acts only in determining the rate of ftuid movement and does not affect

the final equilibrium dllutÍon reached.

The onset of decompensation during hemorrhagic Ìlypotension is

lndlcated by the animal's requirement for the 1'eturn of shed blood to

prevent the arterial pressure from falling below the predetermined level'

(See Review of Literature for refere¡rces. ) The association between the

onaet of decompensation and of hemoconcentration observed 1n thls study

has not been reported previously. In retrospect' the associatlon tvas

apparent in protocols published over 25 years ago (Freeman et al. ,1938). Hls

figures show that 1n dogs subiected to hemorrhagic irypotension, the

hemoglobin concentratlon rose when return of blood was required to pre-

vent the arterial blood pressure fron falling. However, the correlation

was r¡ever mentioned, probably, either because there ì¡/ere too few experi-

ments or because it was assumed that the hemoconcentration was due to the

high hemoglobin content of the infused blood. It is also of interest, in

the Iight of the present flndings, that the protocol of a totally sympath-

ectomized dog shows that the return of shed blood r¡/as not required to

maintai.n the blood pressure. This was also true of a control dog which

survived the hemorrhagic shock procedure. Blalock (L934) reported that

dogs developed hemoconcentratiolr after maintained hemorrhaglc hypotension'

but did not attempt to correlate tbat finding with either the return .of

blood or survival. These early relevant observations were apparently
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soon forgotten, and wiggers (1950) stated categorically in his monograph

that hemoconcentration does not accompany the shock induced by hemorrhage'

Uptakeofbloodfromthereservoirishtghlycorrelatedwith

lethalityfol}owinghemorrhagichypotension.(SeeReviewoftheLitera-

tureforreferences.)Thishasbeenknownforatleast20years,yet

todaytherei6nogenerallyacceptedhypothesistoexplaintheassocia-

tion.CrowellandGuyton(1961)suggestedthattheuptakeofbloodis

asigrrofheartfailure.Thtgappearsunlikely.Muchoftheevidence

suggestingthatheartfallureisnotanimportantfeatureofsbockexcept

shortlybeforedeathElaspresentedlntheReviewoftheLi-terature,and

the experiments reported here failed to show a significant degree of

heart failurereither at reversal or at any stage of decompensationrex-

cept occasionally as a preterminal event'

An arternative concept that has been suggested by many workers

(SeeReviewoftheLiteratureforreferences.)toaccountforuptakeof

blood and decompetlsation is "perlpheral clrculatory failure"' Thls terrn

was coined by Blalock, and baS Subsequently been widely used, presumably

becauseitiseuphonious,descriptiveanddlrectsattentionawayfrom

the heart and to the peripheral circulation where most investigators in

this field over the last 5 decades have believed the primary fault to fie'

In recent revlews, a "giving outt'oi so*t component of the microcirculation

hasbeencitedast}remostllke}yexplanationfortheuptakeofblood'

which was required to firl a progressively expanding space. The quest-

ionsregardingwhatspaceexpanded,andespecla}}ywbatcausedittoex..

pandremainunanswered,andmanycarefulstudiesofthefunctionofthe

arterloles'caplllariesandveinshavefailedtodemonstratealossof

functional Íntegrity of any of these components of the microcirculation
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in shock, except as a terminal event'

The data presellted here have ted' by way of several different

Iinesofinvestigatlonrtoathirdpossibleexplanationtoaccountfor

the¡lecessityforuptakeofbloodtopreventthepressurefromfalllng

duringsustainedhemorrhagichypotenslon:I.ossofcirculatingintra-

vascular volume. The bemoconcentration tlrat occr¡rred in tbe first phase

ofdecompensationwassbowntobeduetotheultrafiltratio¡roffluid

fromthevascularspace,resultinginaprogressivedecreaseinintra-

vascurar vorume. There was a very high quantitative coffelation betv/een

measuredvolumelossfromthevascularspaceandtheuptakerequiredto

preventfallsinbothcentra}Venougpressureandarterialpress'tre.

Thesefindingsindlcatethatuptakeofbloodfromtbereservoirrepres-

entsreplacementofvolumelostfromthevascularspace.Theobservation

thatpreventinguptal(eofbloodduringdecompensationrapidlyledto

deathwithafatlingcentra}Venougpressure,alsosupportsthishypotbesis.

Thehemoconcentrationreflectedlossofauultrafiltrateof

p}asmafronrthevascularspace.Thecapit}arywallisnormallysohighly

permeable to water that a net shift of water across the capillary wall is

muchmorelikelytoreflectachangeineithertheoncotlcorhydrostatic

pressure,tlrenrajorfactorsnormallyregulatingmovementofwateracrosg

themembrane,thanprimarychangesinthecapillarywallitself(Pappen-

heimer,1953).Thisisparticularlysoinviewofthefindingthatin

hemorrhagicslrock,totaltranscapillaryfluxofdeuteriumoxideiscon.

siderably 
'ower 

than normal (Fogerman et al., 1952). Arthough ultrafilt-

ration of fruid from the vascular space could theoreticarry have been due

to decreased interstitial hydrostatic pressure, or increased interstitial

oncoticpresaure,theseparameterstendtobequantitativelymlnorand
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arelikelytobeonlysecondarilyaffectedbynoradrenalilleandphenoxy.

be¡rzamine, whicb profoundly influenced the course of the ultraflltration'

The hemoco¡rcenEration tberefore probably reflected an increasing capil-

Iaryhydrostaticpressure,whichoccr¡rreddespiteaconstantarterlal

pressure and a tendency toward a decreased central venoug pressure' Thls

suggests that some change ln microcirculatory control of capillary hydro-

static pressure !,vas responsible. Elther a decreaslng precapilrary re-

sistance,allorvinggreatertransmissionofarterlalpressuretothecapil-

lary bed ' or an increaslng postcaptllary resistance would result in an

increasingcapillaryhydrostaticpressure.Theformerpossibilitywas

assessedbydetermlningl¡loociflowto3majorvascularbedsduringsus.

talneclhypotension.Sincetbemajordeterminantofbloodflowtoany

vascularbedatagivenarteria}pressureistheprecapi}laryresistance'

and sÍnce ln t¡¡ese experiments arterial pressure r¡/as held constant through

the interval v/ben reversal occurred, âny reduction tn the tone of pre-

caplllaryreslstancevesselswouldhaveresu}tedinanincreasedblood

flow. This did not occur in any of the vascular beds studied' in agree-

mentwiththemajorityofpreviousinvestigations,whichfoundnocon-

sistent loss ot' vascular resistauce during the development of hemorrhagic

shock(Green,1961).However,mostpreviousmeasurementsweredifficuli

tointerpretbecausebloodpressurewasnotheldconstantthroughouttbe

procedure. (See lViggers, 1950')

Itwassubsequentlydemonstrated(SectionXI)thatsmallvej'n

wedgepressureinthevasctrlarbedsofboththehindquartersandthein-

testineincreasedprogressivelyafterthearterialpressurehadbeen

stabilizedatthedeslredhypotensivelevel.Thislncreaseoccurredde:

spitere}ativelyconstantbloodflowsandlargeveinpressures.Since
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arteria] blood pressure and blood flow were constant, the transmi'ssion of

pressure fro¡n the arterial system to the leveI of the wedged catheter

must have þeen unchanged, and the constant rarge veln pressure indicated

that the lncrease was not a "back pressurett fro¡n the large veins or

rightatrium.Consequently,itisnecessarytopostutratethatthein-

creaseinpostcapillarypressurewasduetoaneventsomewherebetween

tbearteriolesandthelargeveins.Itishighlyprobablethâtthepres-

sure increase utas due to an lncreased reslstance of tbe ve¡ìous collaterals

draining the area proximal to the small vein in which the catheter wag

wedged.TbeexactsLzeofthesevesselsisnotknown,buttheyprob-

ablyareofapproximatelythesamesí1¿ea,stheveinlnwhicbwedging

occurred, O.5 run in diameter"

Bytlretíme20%uptakeofirloodfromthereservoi.rhadoccurred,

thepostcapi}larywedgepressureinthehindquartersvascularbedhad

increased 6.8 cm of saline, or 5.0 nmr IIg. The arterial pressure at this

time was 5O mn Iþ and, assl¡ming ihe usual 60 to 70% drop in pressure at

thearteriolar}evel,capillarypressurewouldhavebeenlntheneighbour-

hoodoflSto20nmilg.Thus,thepressurechangeofS.orunllgwouldrep-

resent a 25 to 33% lncrease' The pressure drop across the arterioles was

likelygreaterthanassumedabove'gincetotalperipheralresistancewas

i¡rcreased followlng hemorrHage' Thus' the 5'0 rnm llg probably represents

an increase in eapillary pressure of one-thlrd or more'

Uptakeoccurredint}recontrolanimalsatarateoflS.St2.6

nrl/kg,/Irour'or0.026m1,/lOog/min.(SectlonIII).Thecapillaryfiltra-

tion coefficient for the rvhole dog ls not kDown, but Pappenheimer and soto-

Rivera reported it to be o'0r4 mr'llOo e/r¡Ln/rîn Iþ for the dog hind limb'
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Assumingthatasimilarfigureappliedtothedogasawhole,whichis

not ur¡reasonable slnce skeletal muscle and skin form approxlnately 65/o

of a dog's tissue mass' the postcapillary pressure increase of 5'O rom Hg

was more than enough to account for the loss of intravascular volume that

occurred. In fact, an increase in net filtration approximately three

times greater than the observed loss of volume would have been expected'

However, the effect of the increased pressure would bave been partially

offset by the increasing plasma colloid osmotic pressure and by the fact

that total capillary surface available for exchange was probably reduced

bythel¡rcreasedsympatheticvasoconstrlctoractivity.Anincreaseof

plasrna protein concentration from 6'22 to 6'58 g'lI0O mI would result in

an increase of plasma colloid osmotlc press\¡re of I to 2 ron I€ (LandiS

and PaPPenheimer, 1963) 
"

Theincreaseinpostcapillarypressureduringsustainedhypo-

tensionwasreversedbytheadministrationofphenoxybenzamlne,butnot

bytlreantihistanine,mepyramine,ortheantlcholirrergicagent,atropine.

Unfortunately,theeffectsofaspecificserotoninantagonistonthepost-

capillarywedgepressurewerenotexamined,butithasbeenshownthat

serotonin lowers small vessel resistance in the intact dog (Haddy et al' 
'

1957). Phenoxybenzamine admi¡rlstration decreased the wedge o"t""t"" *-

spitea¡lincreasedþIoodflowand,therefore,anincreasedtransmission

ofarterialpressuretothelevelofthewedgedcatheter.Thesefindings'

especially in the light of the previous demonstration of the effects of

noradrenaline and phenoxybenzamine on the rate of intravascular fluid loss

during hemorrhagic trypotension, suggest that the lncreasing postcaplllary

resistance measured in the hindguarters and intestinal vascular beds durlng
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hernorrhagic hypotension are due to increased sympathetlc nervous system

activj.ty.

Altirough the sympathetic nervous systen affects both vascular

segments, the postcapillary resistance ln t,he mesenteric and hindquarters

vascular beds increased progressively, whereae the precapillary resist-

ance in these areas reached an early maximum which remained relatively

constant throughout the period of hypotension. The reason for this dif-

ference in the responses of the pre- and postcaplllary vessels is not

completely c1ear. At Ieast two explanatlons are tenable. One possibility

is that a regionatJ.y speclfic pattern of efferent nervous activity enianates

from the central tlervous system. An alternatlve possibility is that the

nervous activity to both components was simllar, but that local factors

prevented the arteriotar responge from increasing beyond a certain point,

rvhereas the postcapillary resistance vessels were capable of a progressive-

Iy iircreasing response to increasing sympathetic activity. The observa-

iions of Lewis and Mellander (1962) lend support to the latter possibillty.

They found that if blood flow to ttre hindquarters of a eat was rnarkedly

restricted and the sympathetic nerve supply to the region stimulated in-

termittently, the response of the precapillary vessets to a given stimulus

desllned much more rapidly than that of the postcaplllary vessels. This

eve¡tuaIIy resulted in a reversal of the net transcapillary fluid move-

ment induced by sympathetic nerve stimulation from the initial shift of

fluid into the vascular space to a loss from it. The decreased response

of the precapillary resistance vessels was not due to loss of function of

their sympathetj.c nerves, since the response to noradrenali.ne iniected

itltra-arterially showed a slmilar decrease"
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The results reported by Lewls and Mellander (1962) differ in

o¡e important qualitative respect from those reported here' In the dogs

subjected to hemorrhagic bypotension, there was no evidence for a loss

of responsiveness of precapillary resÍstance vessels. Their tone reached

an early maximr¡m which Y/as usualty maintained uutil the terminal stage'

In contrast, the reslstance of the postcapillary vessels increased pro-

gressively. This difference may be explained on the basis of another ob-

servatlon of Lewi5 and Mellander. They found that increasing the frequency

of sympathetic nerve stimulation or the dose of noradrenaline restored

the response of the precapillary resistance vessels. It seems likely

that in the animats subjected to henrorrhage s¡1th the nervous system in-

tact, the precapillary ]tesistance respo¡lse was maintained by a similar

mechanism, 1.ê., by a progressively increasing synpathetlc uerve activity'

This also affected postcapillary vessels wbich responded rvith a progressive-

Iy increasing resistance and, thus, the fluid shifts described above'

The factors which result in the fluid shifts and hemoconcentra-

tion appear to be important determinants of the fate of dogs subiected

to prolonged hemorrhagiC hypotension since there was a high correlatlon

betrveen the degree of hemoconcentration and the probabillty of a dog u1tl-

mately dying despite the reinfusion of all tl¡e shed blood'

Trapping of blood in the microvasculature (sequestration) in

shock was first described on the basis of postmortenr microscopic findings

in both patients and experlmental animals. (See Scudder (1940) and Moon

(Tg42) for descriptions and many early references on this subiect') More

recently, sequestration in late shock has been confirmed by microscopic

exaroination in vivo (Zweifach, 1958; 1961), by measurements of circulating

and tissue þrood volumes wiilr labelled erythrocytes and proteins (Gibson
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et aL., Lg4.t; Dunn et at. , 1958), and by anatysis of the equillbration

eurves of iniected labellect erythrocytes (Shoemalçer and Iida, L962i

suzuÌ<j- et al ., 1964, a anci b). Ilorvever, no generally acceptable mechan-

ism has beeu suggested to account for the development of sequestration'

Trapping.has been most commonly aseribed to the "sluggish statett of the

circulation, but more specific hemodynamic phenomeDa, which would allow

blood to florv into but not out of a vascttlar bedrremain unclear'

Someobservâtionsfromtirepresentstudysuggestaplausible

mechanism. The decompensatory stage of hemorrhagic hypotension has been

divided Ínto an early phase characterÍzed by rapid ' progressi.ve hemo-

concentratioir and a later phase durlng which hemoconcentration either

progresses very slorvly or not at all. During the fÍrst phase, both up-

take of blood and loss of plasma volume can be quantitatively aceounted

for by ultrafiltration of ftuid from the vascular space. D"ring the

seconcl phase, uptake of blood continues at a SimiLaT Îate and tneasured

plasma volr¡ne continues to fal}. However, hematocrit and plasma protein

Concentrations are relatively constant, and consequently, the loss of

intravascular volume must represent the disappearance of whole blood

from the measr¡red pool, i.e., sequestratiolr. It is of some interest

that the seconcl phase was never Seen in phenoxybenzamine pretreated dogs"

The rate of uptake of blood from the reservoir reftects the

rate of disappearance of fluid from the circulation. If the mechanism

resulting in ultrafiltration of fltrid from the vascular space were

rvholly u¡rrelated to that resulting in sequesiration, one might expect

ihat the change from one process to the other would be reflected 1n

sone cìrange in tho rate of uptake. such a change in rate was never

seen iir the above studies on over 200 dogs" It is therefore attractive
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to suggest tirat sequesiration of blood involves some mechanism rvhich

also contributes to ultrafiltration. An increased postcapillary re-

sistance rvould increase capillary hydrostatic pressure and thus promote

uttrafiltration from the vascular space, ancl a continuing increase could

ulti¡nately produce a resista¡1ce to outflorv from tbe vascular bed too

great to be overcome by the p¡'essure transmitted from the arteries in

the shoclç state, I'ct'itical closure". Such a mechanism is in line with

the observations that phenoxybenzamine prevents the rise in postcapillary

pressure (srnaII venous rvedge pressure), markedly slovls ultrafiltration

and prevents Sequestration. Hott'ever, f urther investigations rvi1l be

required to fully substantiate this hypothesis'

The technique that offers the most promise for iirvestigati.ng

sequestration is that developed by Shoemaker and coworkers (Shoemal<er

et aI. , Lg6Z; Suzuki et al. , 1964, a and b), enploying Clr5l-taOelted

erythrocytes. Ttrls has been applied l¡oth in hemorrhagic shoci< in the

dog and in shock of dlvei.se etiology in man. In the normal animal and

rnan the lnjection of labelled cells is follov/ed by a :'apid exponential

faI] of erythrocyte specific activity. Equilibrium is generally reached

rvithin IO minutes and the specifÍc act,ivity then remaÍDs essentially con-

stant for several hours. I¡r shock, this early equilibrium was frequently

not acllieved. In tite majority of cases there was a phase of gradually

clecreasi¡rg specific activity, followed after a variable period, generally

20 to 60 minutes, by an equilibrlum plateau. In sor,le cases equilibrium

was not achievecl durlr:g the period of study. Aualysis of these curves

allorvecl calculation of the sizes of "rapidly circulating" and "sIorvly

circutating" red cell compartments. Subtraciing these from the preshoclc
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recl cel 1 mass also allowed determi¡ration of a "noitcircrtlatiug" erythro-

cyte space. A recently reported study (Dagher and lvloore, i964) failed

to substautiate these findiligs, but these worlcers did not mention the

araount of uptake of blood at the time measurements were made, and their

failure to flnd a fall in plasma volume suggests that they were done

relatively early ln the decompensatory period, probably before signifi-

cant sequestration could be expected.

Shoemaker and corvorkers suggested that the slowly circulating

and ¡oncirculating red ce1ls were Eiequestered because of intravascular

aggregatj-on. Blood viscosity is increased ill shoch, and it has been

suggested that at the lower rates of shear in capillaries and venules

of animals in shock the increased blood viscosity predisposes to stagna-

tion and red cell aggregatloll or "sludging" (Ge1in' 1961; Bergentz et aL',

1963). There is, as yeï, no critical evidence olì which to assess the

role of ipcreased blood viscosity a¡d red cell aggregation either in pro-

ducing sequestration or in determining survival in shoch. It would be

of some interest to compare the effects of adrenergic blockade and of

low molecular weight dextran, which has been sbolvn to decrease blood

vlscosity, on red ceIl mixiilg crlrves and on some of the hemodynamic

parameiers i¡rvestigated in the present studies. The possibillty exists

tlrat the microscopicatly evident red cell aggreg,àtes merely represent the

appearance of functionally sequestered ceIIS. A recent study has showD

that the admlnÍstration of noradrerìa1ine to dogs subjected to hemorrhage

increased both the lethality of the procedure aird the microscopic evidence

of trapping and slu<ìging (Schumer and Durrani, 1963).

cannou (1914) flrst suggested that the s¡rmpathoadrenal system

rvas designed to dlscharge as a unlt in an emergency' resulting in the
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simultalleousaclivatlonofsyüipatheticallyinnervatedstructr¡restbrougÏr-

out ttre body ln situatlons rvhere the organism must prepare for "flight

or fight,,. In Cannonrs WOrds, ttThe sympatbetics are like the loud and

softpedals,modulatingalltheilotestogether''.Thisviewisstill

statecl in reratively recent pubrications, e.8., Goodrnan and Gilman (1955)'

Horvever, considerable evide¡rce has recently accumulated to suggest that

this is an oversimplification, and that there is a dynamic, readily ad-

justable contr.ol of the clrcuration mediated by the sympathetic nervous

System,makingpossiblebotlrregionallydifferentiatedandgenera]-Lzed,

homogenous discharge patterns (Folkow et aI ., 1961 ; ütuittg' 1961 ; Johans-

son'L962iKil1ip,1962).Itisapparentfromdataoþtainedinthepres-

entstudythatevenlnresponsetoaseverehemorrhage,asituationln

whichasimplemassivesympatlreticdisclrargernighthavebeenexpected,a

highlyorganized,differentialactivationofvarÍouseffectorunitsoc-

cumed.

Duringtlrecontrolperiodbeforehemorrhage,phenoxybenzamine

pretreatmentresultedinaverylargeincreaseinbloodflowtothegastro-

iirtestinaL tract, a smalì-er but Significant increase to skeletal muscle-

skirrareas,representedbythehindquarters,andnosignificanti¡rcrease

inrena}bloodflow.Thlssuggeststbatunderthemoderatestressimposed

byanesthesiaandthesurgerynecessarytoplacetheelectromagneticflow.

meterprobes,sympathetlcvasoconstrictoractivitywasgreatestinthe

mesenteric vascular bed, ress marked i¡r the hindquarters and minimal or

aþsent in the renal bed" Vasoconstriction lncreased in response to the

firstpartofarapldlremorrhage,butthissamedlfferentlalwasmaintained.

Mesenteric and hindquarters brood flows fell precipitously, the former

morethanthelatter,beforeanymajordecreaseinthearterfalpressure
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occurred. Renar brood flow fell very littIe at this time, attd calculated

renalVaScularresistancefrequentlydecreased.However,duringthe

finalpartofthetnitialhemorrhage,asarterialpressurefel}from

approximatety 85 to 50 mm lfg, renal florv tended to faII marl<edly, and

co¡rcuïrently the difference betrveen the re¡raI blood flows of control

and.phenoxybenzamj.rrepretreatedanlmalsþecamesignificant.Afterthe

initial hernorrhage, \,Jhen a staþIe arterial pressure of 5o rnm IIg was main-

tai¡ed, mesenteriC and hindquarters vascular resistalces and the differ-

ences between the flows to these beds in coirtrol and phenoxybenzami-ne-

pretreateddogsremainedconstant.However,renalbloodflowdecreased

progressivelydurirrgtileintervalatSOinnl€,andthedifferencebetrveen

the re¡ra} frorvs of contror and phenoxybeirzamine-pretreated dogs became

progressivelygreater.Evidencefordifferentialactivationofsyrapath-

etic vasoconsrriction is also available from the studies on tire effects

of various rates of hemorrh,age on the renal vascular resista¡rse' A slow

hernorrhage resulted in intense vasoconstrictior¡, reversed by phenoxybenza-

nrine, v¿hereas there Was llo initial constriction when the hemorrhage was

rapid"itisqulteclearthatthesedj.fferencesareduetodifferences

in sympathetic nerve activity rather than in the sensÍtivity of the vas-

curar smooth muscre to the mediator, noradrenallner sirlce the resþonses

of the renal and mesenteric vascular beds to infused noradrenaline were

nearlY identical.

Airothermajordifferenceintheresponsesoftlrevascularbeds

studied. was apparent o¡r reinfusion of the shed blood follorving a period

of hemorrhagic hypo'"ension; renal vascular resistance remained high where-

as that of tlre intestinal and hindquarters vascular beds rvas less than

atcomparaþIearterialpressuresduringhemorrhage"Thedepressedreual
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btooci flow was associated with fallure of the kidney to resune the elab-

oratiotl of urine when the arterial pressure reached levels adequate for

glomerular filtratio¡1. The failure of renal flow to itrcrease when the

arterial presstlre was raised by reinfuslon followi¡g a prolonged period

of hemorrhagic hypotension was apparent in the protocols of some early

studies, e.å., Phillips et al. (1946), but it did not attract the atten-

tion of the investlgators. More recently Kramer and coworkers (See

Krar¡er, 7.962.) have recognized this plr.enomenon and its possible import-

a¡rce in the development of acute renal failure fo)-lowing shocir' In his

words, "...what eauses persistent. renal vasoconstriction ... is stiII

obscure. The assumption that pressor agentsr such as renl-n or other

types of substance, are produced during clrculatory shock has often been

cìiscussed. It seems necessary to reinvestigate the matter." The only

reievant finding that Ikaner could add was that there appeared to be a

relatj.onship between the severity of the stress applied and the degree of

persistent vasoconstriction. In the present study it was found that the

degree of maintained renal vasoconstriction was determined predominantly

by the duration of hypotension. Pretreatment wlth phenoxybenzamine pre-

vented both maintained renal vasoconstriction and oliguria. It was also

possible to abolish the maintained renal vasoconstrictio¡r by denervation

of the renal pedicle or by the intra-arterial âdminÍstration of guanethi-

dine and phenoxybenzamine. Abolition of the maintained reiral vasoconstric-

tion frequently resulted i¡r a diuresis ' suggesting that it was a maior

factor producing the oliguria. The available evidence suggests strongty

that both the maintained renal vasoconstriction and the oliguria following

prolonged hemorrhagic hypotension involve abnormal sympathetlc nervous sys-

tern activity. Failure of infused noradrenaline to produce comparable per-
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sistent effects srJggests that they are not due to a peculiarity in the

response of the renal vascular bed to the transmitter released, but

ratirer to ihe characteristics of the syrnpathetic efferent act'ivity

arising 1ir the central nervous systeäi following prolonged hernorrhagic

hypotensiolr.

Thereasonforthepersistentsynpatlretledischargetothe

renal vascular becl is not clear. In many situations involving sYmpath-

etic vasoconstriction, the.reiral vascular bed is tatnet less i¡rvolved

than are ihose of other org-ans (Folkorv et al., 1961 ; t*itrr:.ttg, 1961;

Jolransson, :.962; I(illip, 1962). The renal vascular bed is markedly

involvecì iir the "defence reaction" incluced by hypothalalîic stimulation

(Feigl e,ú al ., 1964), rvhich generally j.ncludes activation of the choi-

iirergic vasodilator fibers to skeletal muscle (Uvnäs, 1961; Feigl et al',

Lg6¿,). No evicleirce that this ciilator system is activated during hemor-

rhagic hypotension in the dog was oirtained in the present studies, and

ilie fact that adrnir¡ist1'ation of atropine failed to influence skeletal

muscle bloocl florv is strong evj.de¡rce against its itlvolvenrent. TÌris sug-

gests eÍther that various components of the defence reaction can be aeti-

vated seleetively, or that the hypotiralamic centers of this system are

r:ot involved ill the respollse to hemorrhage {n the anesthetized dog' Ex-

periments tiolv in progress in this laboratory have shorv¡r that spinal a¡le5-

thesis abolishes the persistent renal vasocollstriction, but tìrat splnal

cord sectioit at the level of T1 does not, Índicati.ng that the syrnpathetic

nervous activity is initiated at a spinal cord leveI. Florvever, consider-

airly r.rore investigation rviIl be required before a full explanation of

this phenoinenoll can be givell .
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I-u has been demonstrated in dogs subjected to henorrhagic hypo-

tetrsion that decompensatioir, inciicated by the need to reinfuse shed blood

to prevent the arterlal pressure from falling, is associated with a loss

of int::avascular volume. It has been posslble to divide the stage of

decompensation into trvo phases. In the first, an ultrafiltrate of plasma

is 1ost, associated with progressive paralIeI increases in plasma protein

concentration and henatocrit; in the second, the loss appears to represenE

sequestration ot' rvhole blood, and plasma protein concentration and hemato-

crit re¡nain relati.vely constant. The ultrafiltration appears to be due

to an increasing capillary hycìrostatic pressure caused by a progressive

increase in postcapillary vascular resistance, which probably arises pre-

clomÍnantly in venules about 0.5 mm in diaureter. It is postulated that the

sequestration of blood duriilg the second phase is caused by a further in-

crease in ttris resistance. since iDfusion of noradrenaLine accelerates

the cÌevetopnent of decompensation, the rate of ultrafiltration and the on-

set of sequestratÍon, and admitrlstration of phenoxybenzamine delays decom-

penSatÍon, slows ultraflltratiou, prevents sequestration and reduces post-

capillaryresistance,itappearsthatsyrnpathetj.cnervoussystemactj.vity

isanlmportantfactori.ncreasingthepostcapÍllaryresistance.Avery

close correlation between the developnent of hemoconcentration and leihal-

iiy was d.eroonstrated, suggesting that these phenomena are major determinants

of the urtimate fate of dogs subjected to he¡lorrhagic hypotensioir'

Thesympatheticnervoussystemappearstoactinahighlysel-

ective rna'1l1er duri¡g the response of the dog to hemorrhage. rnitiarly,

tìre vascular beds of the gastrointestinal tract aird of skeletal muscle

and skin are constricted, followed by progressive constriction of the renal

vessels after a stable level of near maximal constriction has been attained
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intheotlrerbeds.Thedegreeofcongtrictionoftherenalvascularbed

during early hemorrhage hag been shown to be a functlon of the rate of

hemorrhage, tbe slower the hemorrhage the greater the early constrlction'

Followingreinfuslonofthesbedbloodafterprolongedhemorrhaglchypo-

telrgiorr, the renal vascular bed remains coDstricted, whereag the vaseular

beds of the lntestine and hindquarters dllate' The maintalned renal va'so-

constriction can be prevented by pretreatment with phenoxybenzamlne and

is aborished þy denervation of the renal pedlcle or by the lntra-arterlal

ad¡rrinlstrattonofguanethidlneandphenoxybenzamine.Malntalnedrenal

vasoconstriction is assoclated wlth ollgurla, which is also prevented by

phenoxybenzamineandabollshedbyintra-arterialguanethldlneosuggesting

that both the renal vasoconstriction and the ollgurla are due to lncreased

sympatheticnervoussystemactivlty.Sinceltwasnotpossibletoproduce

maintainedrenalvasoconstrlctlonbyprolongedinfuslonsofnoradrenallne'

it seems likely that it ls not due to a unlque locar lresponse of the renal

vesselg to noradrenallne, but rather to a selective discharge of sympath-

etic nerves lnnervating the renal vascular bed'

Phe¡roxybenzanrlnedoge-reÊ¡pon8ecurveÉ]'uslngtwodifferentcardlo-

vascularresponsesinthedog,lndlcatethatthedoserequlredtoblock

conpletely responses to sympathetic nerve activity on peripheral vessels

isapproximatelylo.on¡e/t€"Dosesbelowthis'dinlirlshedbutdidnotabol.

ishtheresponges"SíhceadoseofS.ow/Wwasugedlnmogtoftheprea-

ent studies, it is posslble that the residua of certaln changes which were

notcompletelyellminatedbyphenoxybenzaminewereduetoresldualeffects

of synpathetlc nervous system actlvlty'

rt ts concruded that increased sympathetic nervous system act-
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iviüycanprolnotethedevelopmentofshockirreverslbletotransfuslon

notonlybyinduclngarteriolarconstrlctlon,andthusdecreaslngtíssue

perfuslon,butalsobycauslrrganlmbalanceoftheprecaptll-aryandpost-

capillaryresistances,wlthaconsequentnetflltratlonofftuldfromthe

vasculârspace.Iüalsoappearslikelythattheincreasedpostcaplllary

resistancetsresponsibletortrretrapplngofbloodlnthemicrovagcula-

ture(sequestration)inthelaterphaseofcirculatorydecompensation.

Both the lncreased uttrafiltratlon and the sequest,ration contrlbute to

the progressive fall in effective circulating blood volume'

The sympathetic nervous system produces a higtrly organized re-

distributlonofbloodflowduringandfollowingaperiodofhemorrhagic

hypotensiorr.Tlreskeletalmuscle-skinandparticularlythemesenteric

vascular beds are predomlnantly invotved during early hemorrhage, whereas

the renar vascurar þed is subJected to neurogenic constriction onry after

slowhemorrhageoraperiodofmaintainedhypotenslon.Neurogenlccon-

strlctionintherenalbedcanpersistforlongperiodsaftertheblood

pressurelrasbeenelevatedbyretnfuslonoftheshedbloodandthismain-

tainedrenalvasocongtrictlonappearstobeamajorfactorinthedevelop-

ment of oliguria followlng hemorrhagic hypotenslon'

Therelsnoconvlncingevidenceforlossofthefunctionallnteg-

rityofanycomponentofthecardiovasculansystendurlrrganyexceptthe

inunediatelypreterminalstageofhemorrhagicshoclr.Slnceallthephenom-

enadescribedcatrbeaccountedforo¡rthebasisoflncreasedtoneoract.

ivity of various vascular elements, lt is suggested that "peripheral cir-

culatory failure" and analogouS terms are mlsleading, and should be aband-

oned.
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