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ABSTRACT

These e>qperi-noents l{ere d.esigned to measure hor,v much blood, is mobilized.

from or pooled in the liver, spleen and gastro-'intestinal tract to compensate

for a hemoruhage or infusion of blood.

Hepaüic volurne, splenic r,reight and intestinal volume ì'rere recc,rd.ed in

cats aneethetized with sodiun pentobarbitone. t,Jhol-e blood vras removed or

infused at rates of 0.5 - 0.6 rr.t/kg/llån until 10 m\/kg (f9l ¡food volume)

had been rernoved or I8 "l/lrg 
(3tÍ." Utood volume) ¡ra¿ been Ínfused. These

blood volume changes produced only snnall changes'in arterial and portal

pressures except after removal of I m!/k g G5f" blood volune) r'¡hen arteriaJ-

pressure began to d.ecrease rapidJ.y.

l'lith smaI1 hemorrhages of up to 4Í{ blood volume, the liver contributed

L6f,, tne gasiro-intestinal tract 23fi and, the spleen a negligible propor"tion

of the blood volume rernoved. ÏIith hemorrhages of 15Í blood volumer, the liver

contributed 21Ér the gastro-iniestinal tract 22c, and, the splee n ]I9fl of the

volume removed¡ a total splanchnic contribution of 62,4. .

Durj-ng infusions of 5 - 1S ml/kg (10 - 3hfr blood volune), the liver
pooled 2Ofr, the gastro-intestinal tract t+Of. and. the spleen 6fr of the.volume

infused; a total splanchnic contribution of 66¡4,.

Ït iÉ concluded that the splanchnic bed mobilizes or pools up to 65fl ot

the volume of blood renoved- from or infused into the cats. The mechanisms

responsi-b1e for this blood reservoir function are d.iscussed. Ì,lhile several

factors may. be involved, it seems like1y that a reflex regulation involving

atrial receptors and the sympathetic innervatj-on of the splanchnic capacitance

vessels is of predominant irnportence.
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GEN¡]RAT TÑTRODUCTION

.

¡rl,a Constance Due l,lilieu Interieur Est La CondÍtion

De La Vie Libre.rt'Claude Bernard. (1813-1S7S)

Blood Volume and Capacit[

The central position of the blood and the circulation as the transport ,,.,.:..

.it,;
system whích serves to naintain the temperature, compositi-on, and volume of

the Ínterst,ltial fluid (tì.e milieu i-nterieuqt of Claude Bernard) and upon

r¡hich all organs and tissues d.epend for continuous supply of nourishment
' ': .'..

and for,r,,remova-l of waste products, makes it evident that the regulation of .

volune must be a complex problem (Gregersen & Rawson¡ L959). Therefore, .','.:,.

to construct a^n integrated picture of how the blood vòh:me is maintained

relatively constant, one nould. have to systematically analyze the innr:merable

mechani-sms alone a¡¡d in reLation ùo each other as wel]- as in relation to the 
;

direet and indirect effects on b].ood. volume.

The most obvious deterninant of blood volume control is the inherent 
i

structural size or capaciüy of the system. Although blood volume and capacity

are both subjected to the same control mechani-smsr'they must be regarded. as

dÍstinct entities' 
ì.- ,,

In order to maj-ntain the venous return and cardiac output, the system :'': "
L . .t-.

must be adequately dj-stended with blood.. Thus, a prop_er relation must exist .',,r,

betrn¡een blood volume (r*rhat is in the systen) and capacity (the si-ze of the

system). Since many components of the system can actively dilate or constrict,

. thus changing the elastic properties of the system, the capacity of the system 
;,,.,;,.i

can vaty co-nsiderably either to conforrn to the volume of the blood j-n the

sysl,em, or independently thereof.
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For the discussi-on of the control of bLood volume and capacityr it

c ardiovescular system.

: Series - Coupled Sections of Peripheral Vascular Beds
. :-._.:i the snstemic circulation consists of a great number of parallel - : "

coupled vascular circuits. However, each individ.ual circuit can be d.ivided

into a number of serj-es - coupled sections consisting of the-heart, the
'..:.'1,t, ïIÍndkessel vessels, the resistance vessels, the sphincters, the exchange '::,;

i,.. vessels and.. the capacitance vessgls, which are- connected. to the filling ':,,,.,:,.

' "ide 
of the oüher half of the heart (Fo1kor+ and Neil, 19?1). The resistance

vessels consist of a roajor precapillary section (snall arteries and arterioles)

and a ¡nínor postcapillary sectiön (venules a¡rd small veins). The capae,itance

I vessels consist of a naJor venous systen and also the heert and other

i vascular sections that have a minor capacitance function. Therefore, the

, venous system seems to be of great importance in cardiovascular performance

I as a dominating elenent in the capacitance function.
:

Be sist anc e Func-b:þ¡ -gl-\iglns
,:.

,;i . Let us first consid.er the resistance function of the vei-ns. The.capil- ',0i,';1,.,i.

'. Iaries are sítuated betr¿een tr,,,o variable resist,ors, the precapillary and i.,'|',"

.:

postcapillary resistance vessels, .which adJust the mean capìllery hydro-

statj-c pressure thaü controls'the filtration exchange across the capillary

,,; tr,êI1s. This functj-on illustrates the importance of 'bhe venules acting as ,Ì,,:.r,

:..: ,ì:,,,,,',
the postcapillary resisùance.

Capacitance Function of -VgLÞ

The dominant role of ühe venous sysùen is its capacitance firnction,
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because it contains 65 fo ?5% of the systemic blood volume (l'leideman , 1963),

and iü serves as a cardiac forechamber by being the return route to the

hearü. It' therefore appears to be exactly regulated as even minor adjust-

ments can affect the filling and, therefore, the cardiac output. In thej-r

capaci-tance function, the venules of the d.ifferent circuits serve the

cardiovascular system as a r,¡hole rather than serving any local tj-ssue needs.

The present study was und.erüaken to further investigate.the generally

accepted hypothesis that an adequate compensation for blood loss i-n an

animal could be achieved in acute situations by a reflex increase in venous

tone. This capacitance response in l¡hich the overall capacity of the system

is reduced causing a redistribution of the blood j-n the vascular system

with litt1e change in the cardiac output r¡ould indicate that a certain

alrount of the blood in the body functíons as a reserve. Thereforer- the

capacitance. responée'may be said. to forrn a rfirst line of defenset for

maintaining an adequate supply of blood to the tissues.

Blood Reservoirs

Barcroftrs theory that most of the reserve blood. is closed off from

the circulating blood. in so - called depots or reservoirs has been rqfuted

(Erslev, 195Ð. The idea of blood reservoirs has been erctended to include

uaseular areas r¡hich ".t ti" up or yield large qo*rrtitius of blood. without

interfering ruith the local blood supply to the tissues. ïn this sense most

of the organs and vascular areas v¡ithin the systemic circulatj-on, especially

in the abdo:nen, have been labelled a blood. reservoj-r (Greenrr,ay and Oshiro,

Ig72), Consid.erable amounts of blood can be erpelled from various organs

by the inJecti-on of vasoactive substances and direct nerve stimulation'
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(see later). Therefore, a blood reservoir may be defined as an area from

which a signÍfica¡t volume of blood can be rapidly redistributed in a precise

and controlled vray to naintain cardiova.scular homeostasis in response to

stinul-i such as postural changes or hemorrhage. An area l¡hi-ch contains a

significant proportion of the blood voh¡me is usually, but not necessarily,

a blood. reservoir since a mechani-sm may not êxist to r,robilize this blood

j.n a controlled uay. Thus, the dj-strÍbution of blood volume and the distribu-

tion of blood reservoirs are not synonJrmous terms. E>peri-nental data on the

blood content and. the blood reservoir function of various organs are scatiered

j-n the literature. Greenruay and Oshiro (1972) made a tentative tabulation

of this data and later it was nodified by Greerura$ and Lister (tgZlo) (tabte 1).

It appeers from Table I that 28lo of the blood. volume car¡ be ¡robilized

from the blood reservoirs if the synpathetic nerves supplying these capacitance

vessels are sti¡rultaneously and maximally activated, This represents the

ma^:cí¡num volume of btood ruhieh could theoretically be removed from an animal

over a relatj-veIy short period of time v¡ithout causing marlced lgrpotension

and d.j-srupt,ion of the cardiovascular homeostasis, the tbl-ood. voJ-urne reservel

of Groom, Ror"¡land and Thomas (1965 ). Hone.rer, sj¡rulteneous ma:cimal activation

of the sympathetic nerves to these reserves is unlikeJ.y to occÌlr after srnall

hemorrhages and in an expeí:-:nental si-tuation, anaesthlsia and surgical pre-

paration of the ani¡al r'¡ould be e>çecùed to further nodify the results (Chien,

f967). 0n this basis one might expect to be able to remove some 15 Lo 2O/"

of the blood vol-ume before hypotension develops (Groom et al. , Lg6il. From

table I, 6/28 or ZJfr of the volume removed r"¡ould be mobilized from the liver,

32fr lrom the spleen and 141 from the intestine, a total sptanchnic contribu-



tj-on of 67fr of the voh:¡ne removed. As v¡i1l be seen later, the resu-Its of

makes no aIlor.¡ance for a lsecond line of defenset, reabsorption of exLra-

cellular ftuid as in skeletal muscle after hemorrhage. This might replace
. tl. ::;,'..i up to one third of the volume of the blood renoved (Kerr and Kirk1in, 19?O t ',"',.'i,",''

, Lund.gren, Lundr^¡al1 and I'fellander, l96t+) by concomitant adjustments of the

preeapillary to postcapillary resistance rafio. I'lhen this ratio i-s incree.sed,

, tissue fluid rr,iIl be absorped into the vascular compartment. This type of 
,.,,.,¡,,,,:.:,

:..

.: adjusl;mentr. where the veins play the role of postcapillary resistance vessels, ,;.,,,,.,;,i,:;:a,,,;

' ".':'..::..:

would not involve a sympathetic venoconstriction as occurs in the nobilization

of venous blood. Therefore, reabsorptj-on of ti-ssue fluid and mobilization of

i venous blood must be trio separate events occurring at different tjmes and./or

i in different areas. ln sketetal muscle, reabsorption of tissue fluid. seems 
l

i

i to be the more Ímportant compensatory mechan:ism for the lose of blood 
l

i tlunCgren, Lundr+al1 and ÞleJ-lander , fg64), r.,,hiIe in liver, reabsorption of

f tissue ftuid does not seem to occur (Greenway and Lautt, 1970).
:.

Syste¡nic Circulatory Control

',1,. In approaching the pftoblem of hor.¡ the venous system is controlled, one ,.,;..,.;ri:.'j':: ;:: ::.:i-j

., has to take into consid.eration (a) ttre functional characteristic of its . :.'.,.'....,.t..:.:.r'
'''_t ...:rr'.:'

i "mooth 
muscles, (t) tire superi:irpoqed. nervous and hormonal- ínfluences, (") '

' its reflex and central controÌ, and. also (A) tne co-operation versus compet-

, tion between neurogenÍc mechanisnn and loea.I factors rrrhich influence venous , : ...
.: :,_, -: i:: :. ;.:: :

.::'-:.:.-:.:.:J,:

"'l tone. Our knor,¡ledge of the venous system is very i.ncornplete due to the dif- ':'t':'!::1'::'

ficulties j-nvolved in studying it. Honever, enough studies have been made

I to per"nit sone generalizati-ons concerning the adjustment of venous return,

.ì:.ì.r:,-
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and the distribution of avail-able blood volune. Generally, control tends to

be organized. al various levels and based on functional differentiation of

the different cardiovascular sections.

Besistance versus Capac!_tance Vesselé. Let us first deal v¡ith some

'

principles of the control of the resist¿L:ace vessels. Their inherent smooth

musc1eaetivityisthebasisoftheirmaintafned.f1orr'resistanceforit

establishes a basal vascular tone, This tone creates a kind of lblood flor.r

reserver which is easily nobilized rvhenever an accumulation of metabolites

inhibíts the vascular smooth muscle.

The resístance vessels myogenic activiLy can be reinforced by centrall-y

controlled. nerves. Sinee resistance to f]-ow decreased litt1e after the ve'ssels

were denervated as long as the pressure head. is kept constant, it is sug-

gested that local control of the resistence vessels predominates in the

nozua-L physiologj-cal state. This principle seems reasonable, for these vessels

subserve the nutritional blood supply of the tissues. Hor'¡ever in staües of

emergency the central nerves. can produce very por.rerful effects on blood

flow (Folkor¡r and. Neil, 1971) o

In contrast to the resistance vessels, the situation on the venous side

is markedly different in the control of'the flow resistance. ïn terns of its

capaiitance functions, venous.. control appears to be dóminated by its exbrinsic

ner'\¡ous supply (Folkow and Oberg, 1961). The capacitance system, unlike the

resistance system does not show myogenic aetivity v¡ith the exception of the

portal vein (Fo1korv, He¡rmans and. Neil, L965; Holman, 1969¡ Mellander and

Johansson, 1968; Sutter, L965)" This conirast betr¡een the control of fLorv

in the resistance and capacitance vessefs appears logical nhen one compares

-:: I1.-t-::_

l.;. :- :_: .'
'':. .--.:..
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the funcüion of the üwo vessels. The veine subserve the integrated cardio-

vascular performance as en tadJustable forechamberr for maintaining the

cardiac output l¡hile the resistance vessels and the portal veins (r.rhich

supplies 75fi of the liver bLood supply) subserve the local needs of t,he

tissues.

EeeAtilll tqjhafraacoloeical .l.se . Ab1ad and Me1lan¿er (1961) observed

that different pharmacological agents seem to produce different response

patterns in lhe resistance and the capacitance vessels of the same tj-ssue.

Whereas acetylcholfne and isoprenaline dilaùe both these,-.sections, hista¡nine

and hydrazine dilate prinarily the resistance vessels and nitrates dilate

the capacitance vessels (¿Uta¿ and. ÞielLander, Ig63; Haddy, 1960). Folkor,rr'

Johansson and. l4eIIan¿er (f961) found that angiotensin produced a more pro-

nounced constrictor effect on precapillary than on postcapil-la"ry vessels.

Greenrvay and Lautt (1972) and Greenway and Stark (L969) demonstrat,ed that

angiotensin and vasopresein produced their constrj-ctor effect prlrnarily on

the resistance vessels of the liver and spleen. Infusions of noradrenaline

cause an effect on the venous system sinilar to that of the syrnpathetic ne¡ves

and injections of adrenaline indi-rectly increase blood pressure through

its cardiac actíon. Ho'¡¡ever, the concentration of these substances in the

circul-ation is very lor'¡ and thereforer'the adrenal medulla play litble,
if any role in the circulatory adjustrnents (UoAge et al. , t969; Regoli and

Vane, lr966t Ceì-and.er, Jg5ù

Cj-rculatorv-Changes .u.Fsoci.ated r¡ith Venous Pooling or Disten-sj-on. The

veins with their thin, distensj-bLe and r.¡ide - bore r,ral1s ruith consequent low

reslstance are well sui-ted to accommodate a volume load. Such a vo}une load

':.''.|
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occurs uhen lnan moves from the supine to the erect position. This type of

movement Ís associated r,¡ith a great hydrostatic load that would be exerted

on the capillaries. The counteracti-ng ¡oechanisms, that may be used to decrease

the tendency of transcapillary loss of fluid in the above situations are: (a)

in the abdomen, the hydrostatic tÍssue pressure of the internal organs is
likety to be si:nilar to that produced. if the abdomen r.¡ere filled r.¡ith fluid..

This r*ould create an exLranural pressure t,hat may balance the raised intra-
vascular pressure (La*, L939t Rusluner, L9t+7). (b) On the precapillary side,

there will be an increase j-n the precapillary to postcapillarXr resistance

ratio d.ue to sympathetic nerve activation and myogenj-c automaticity of the

precapillary resistance vessels (lfeIlander, Oberg and Odetr am, l-:g6l+i Folkbrv

and Oberg, 1961). This activity may lead to closure of a number of sphincters

and. t'herefore the blood fJ-ow r^¡ou-l-d be shunted through fever capillaries than

normally and hence the capiLlary surface area available for flow and filtra-
tion exchange i*ould be reduced. lnrelÌander, Oberg and Odetra¡n OgeU) shor¡ed

that the functional capillary surface area in the human foot r¿¿il1 d.ecrease

from one t,hird. to one eighth of nonnal on shifting the body to an erect

postion, and the tendency for filtratj-on loss of fluid. correspondingly de-

creases. Thereiore, this seems to be an important mechanism to protect

against the formation of ed.ema.

Ba.roreceptors. It is nelÌ established that both aorti-c and carotid

baroreceptors, and also the chemoreceptors, participate in the regulation of

the resistance vessels and for many years were also thought to cause a

significant consbriction of the capacitance vessels (Bartelstone, 1!60;

Oberg, I96h¡ Al.e,-<anderr l-g5l+i Salzman, 1957t Heymans and Neiln L95Si Ross,
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Frahn and Braunr+a1d, 1961; Kabler, Goldblatt and Braunr¡a1d, 1962). However in

recent years serious doubt has been raised as to r¡hether the venous conpart-

ment is affected by these reflexes. A venoconstrj-ction rt'ou1d be e:çected to

cause a redistribution of blood and an increase in cardiac output but it
has been shor.m that cardiac output changes very litt1e durS-ng baroreceptor

reflex responses. (Polosa and Rossi, 196Ii Corcond.iLas et aI., 1gó4; Bond.

and Green, L969; Epstein et aJ-., L969; Resnicoff et a^L., t96g; Vatner et aI.,
1970). Direct studies on the capaci-tance vessels also showed. that the in-
volvetnent o.f these vessels is rnini¡ral in the vascu.Lar beds of skeletal

muscle, intestine ar¡d liver (Browse et al., 1966; Hacljaminas and Oberg, 196S;

lfason and Bartter, 1968; Brend.er and llebb-Peploe, L969¡ Epstein et aJ-. , 1969;

lizirka et aJ.. , I97O; Disalvo et aI. t l97L; Greenvay and Lautt, L972)'.

Low Plqqsu¡e F"ecep'Lgrs. Lor.¡ pressure regions of the circulation have

been demonstrated to elicit reflexes via l-orr' pr:essure receptors. loeated in

t,he central- venousr atrial and pulnronary compartments r"¡hich v¡hen sti¡nulated

lead to brad.ycardia, . arterial hypotension and. vesodilation (Aviado and

Schmidt, Lg55t Âlexander , ]l956; Folkoru, Johansson, l,iellander and 0berg, ];960t

Salisbury, Cross and Bieben, 1960; Ross, Frahm and Braunv¡a1d, 1!61; Paintal,

l9ß). Hol'¡ever, there is stíll no clear evidence as to the quantitative

ínfluence of such reflexes, for seleciive stiraulatj-on of these lol.r pressure

receptors often séems to involve serious irtterference r+ith normal cardiac

perforrnance.

There are at le¿st tr+o different types of at,rial pressure r.eceptors:

type A, r'¡hose natural stimulus is increased r,¡ith atrial tension; and type

B, r+hose natural stimulus is increased v¡ith atrial volu¡re (Paintal, Lg73).

'-,1.:.:.Ì :
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Stimulation of the left etri-al receptors by overdistention caused brady-

cardia by.actÍ-vation of the vegus nerve a¡rd a generalized reflex vaso-

dilation of resistance and capacitance vessels. This reflex vasodilation
;

v¡as due to inhibition of adrenergic vasoconstrictor fibre activity r"ith

no evidence of any cholinergic vasodilator fibre activation (Oberg and Throren,

J:gß). Folloi.¡ing hemorrhage, these se¡.e 1or,; pressure receptors have been

ind-icated in the release of and production of vasopressi-n and angiotensin

respectively (Ileinstein, Berne and Sachs, 1960; Beleslin, Bi.sset, Halder ',' , .:..

..;..
and. Polek , J:96?; Henry and Pearc e, 1956; Gauer and Henry , 1963; Henry, 

,ii:,,,,',.1,...

Gauer'and Reeves, 1956; l-lurdaugh, Sieker ¿md Manfiedi, 1959; Ginsgurg,

lg5!+, Share and tevy, 1962; Share, t965; Share, 3967¡ Henry, Gupta, I:eehan,

Sinclair and Share, L968; Scornj-k and Paladine, I96h; Rego1i and'.Iane, t966;
l

Hodge, Loro'e and Vane, t966; Hodge, Lowe, ltrg and Vane, 1969). These vå.so- :

active peptides have been demonstrated. to produce their constrì ctor effects

in the splanchnic vascular bed to be pri-urarily on the resi-stance vessels

(Greenway and Lautt , 1972i Greenr';ay and Stark, 1969).

To date, there is no knor.,n data on the effect of loi¡ pressure receptors on

veins. However a mechanism sjmiiar to that on the arterial side is teleogically t,,',:rt,i,;'.i,t',,',,.t',

: ...'..'.':,:

attractj-ve. Right atrial pressure receptors, by affecting venous sympathetic 
',i:,:t:,,r,',,,.;

tone, could ad.just central- venous pressure and. hence the load on the heart. '::'i: 
:i:':r

Passive ChanÂes. !.nother important mechanism v¡hich d.eals r.¡ith blood 
.:.11:ì.

volume and capacity changes is ihat, of passive collapse and distension.
', " '.,'l Passive changes in the capacitance vessels r+ouLd be due to changes i-n trans- :'

mural venous pressure tha'r, resul-ted from changes in central venous pres-

' sure or fro¡n changes in organ blood flol¡ r'¡hich iùse1f is a compensatorXr

: ..:-" -.: - t:..:.:.:ì::...t.,.
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response in the. regulation'of blood volume and dj-stribution. Oberg (1967)

noted thaü blood ¡va.s mobilized from the hindquarters anC from the j.ntestine

in cats in response to s¡n:lpathetic nerve stjmulatiofi and that ùhis expulsion

of blood frorn these. orgens had both an active and passive component. ChÍen

(I9g7) and Brooksb¡ir and Donal,d (L972) observed that the reduction in splanchnic

blood volume consisted also of a passive and active response of the capacitance

vessels.

Venous disi;ensibility is shown in fi.gure 1, the pressure - volu¡te curve

for veins (Folkorv and Neil, 19?1). At high pressure, venous distensibitity

is snall because of the stretchíng of stiff collagen elements. The high

r,¡all_distensj-biltiy at 1o-or transmural pressure is not true distensibility
but reflects a change in ühe geometry of the vessel. Below a venous pressure

of 6 :nnHg. ¡ the crcss-sectional area of the vein changes from a round. Ëo an

ellipt,ical shape. Because the cross-sectj-onal area of an elli-pse i-s l.ess than

a circl,e of the sarne peri:neter, then the capaci-ty of the venous segment elters

greatly as the pressure rises from zero to six mml{g. Therefore, ttrue dis-

tensi-bi-Iityr of veinsri i"., the ineree.se in perimeter.'produced by a stretch-

ing force, is lor+ in most veins_ (Oberg, 1967). Since the-porta! vein has a

higher venous pressure than mosü veins, then accordíng to Oberg, the portal

vein shculcl short' on-ly minima-l passive changes, Hor,,rever, it could be very

urisleading to extrapolate 0bergts work, rvhich ruas performed. on isolated

veins, to include the,venuJ.es, the site of the capacitance response tin vivot.

Therefore, it is difficuJ.t to d.rar¡ any sort of conclusion of passive capaci-

tance changes due to transmural pressure changes.

Hor,tever, the capacitance vessels appear to have some basal syrnpathetie

t::;:1l1rli
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tone and therefore this basal tone could resist passive changes causing

theq to be only mininal. Evj-dence for this comes from Nickerson (f9?O) wno

demonstrated that the administration of an adrenergic alpha-receptor blocking

agent caused a redistribution of blood voh:me from the puhaonary to the

systemic bed. Chien (L967) found this tone $ras increased in anjmals r,¡hich

were anaesthetÍzed and subjecüed to surgery.

SummarT'. Our present knov;ledge about control of the venous system is

stiII fragmented. ldork to date has sho'¡"n that the veins are not a passive

draining s¡rstern of tubes but a specif5-c vascular secti-on that is at least

as reacüive and r.¡ell controlled as any of the other compartments within the

circulation. Generally, the venous system and the arterial system are respon-

sive to the same stimuJ.i but, by special organizati-on, the veins may react

differen'¡,ly from the erterial system, both quantitatively and quali-tatively.

This is so because the venous system has ti.¡o main dynamic firnctions, the

resistance function, ie., of importance in ùhe regulation of intravasc:uJ,atf

extravascular voLr,me rat,io, iend the capacitance function, ie., of importance

in the dísplacement of bJ-ood within the cardiovascular system as an inüegrateil

unit rather than in meeting any local- tissue demand.s.

llre Splanchnic VascuLar BeÈ

Ïn view of the dimensions of the splanchni" .rn".t-.r bed r¡hich suggest

its importance_in-the cardiovascular system, it is surprising how little is
knor-n about the mechanisms involved in the. response of the spJ-anchnic

capacitance_ vessels to serve as a blood reservoir. Our continuing interest

in this vascular bed (Greenr+ey and starl(, 19?l) led to a study of its
capacitance functj-on after hemorrhage and blood volurne expansion. Hor.rever,
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before I deseribe the experÍmental results obtained, an up to date functional

description of the circulatory system in each of the organs of the splanchnic

vascular bed is necessery. -

Intestinal Vascular Bed
' :.:-.

Johnson and Selkurt (fç¡g) observed a number of changes in the intestine :::::i:

during hemorhagic shock rvhich indicated a complex intestinal vascular

response to he,morrhage. Generally, a sudden d.rop in r,reight in the lorver 
:..

'.,:..
inüestinal region was observed in hemorrhage r+hich persi-sted for the duration ':,.i,,

of þpotension. In the upper inùestinal- regi-on, an increase in weight nas

observed which could be abolished r,r'i-th adrenalectomy (Johnson, 1t60). There-

fore, sysiemic hypotension seems to ind.uce s¡mpathetic discharge rvhich by

r.ray of the intestinat nerves caùses a decrease in the intestinal blood 
:

vo1umeandviatheadrena}nedu]-1asecr.etionofadrena1inecausesanin-

crease in the i-ntestinal blood volu¡re, The increase in the intestinal blood
i

volume may be caused by adrenaline causing an arterial vasod.ilation (Greeirv,rayi .

and Lawso n, 1966) and therefore an increa""å UfooA florv to the upper intestine

The intestine is richly supplied uith sympathetic nerves. Stj¡rulation
'. 

t.t ,

of these nerves produces a reduction j-n the gastro-intestinal tract volume :'.';:;;',i,'

(Fotrkovi et al. , 1964). Haglund (Lg73) also observed a reduction in the gastro- .,.ii.
..rìjr.

intestinal tract volume which r,;as mainiained at its *.*i-l* during the period

of the induced. 
_trypotension.. 

Fo1kow et aI. (1964) observed that intesti-nal.

voh:me decreased at ùhe onset of intestinal sympaöhetic nerve stinrul-ation and 
,.,i,.,

that this volume change rea.ched a plateau. Marimal responses were obtaíned 
'':'"'

at frequencies of about lr to 6 Hz. when 30 to hA/" of the Íntestinal blood

voLume was e)qpelIed. This represents about hí, of the anjmalrs total blood
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:

volume v¡hen the porta'l pressure vras zero. Haglund and Lundgren (1922)

I 
observed no sigrri-ficant intestlnal blood volume change in a d.enervated

, 
55 - 50 mrnHg. es compared to a significant decrease in bloocl volume observed 

..,,.,,

l in the innervated snal1 i-ntestine. Holever, upon e>çosing the l',¡hole anjmal to ""'t'

l¡O rnmHg. level, the denerr¡ated. i-ntestine decreased in volune and this
decrease is d.ue to passive collapse of the veins (HagTund, Lg|Ð. These results

L I 
,,,.,,,,,

.r suggest that there can be both an acti.ve and passi.ve capacitance response to ,,,,..1:,j

,.: ser@re hemorrhage and that the active capaci-tance response ís rned.iated '.',,,.,'.1,., '.',..,:.,.

through syrnpathetic nerves"

iTheafferentmechanismofthissympathetic'refLexisunc1ear.As

described. previously und.er eapacitance vessel control, the lor,¡ pressure

f reeeptors may p.Lay the major role j-n sueh a reflex uhil-e the high pressure 
l

i receptors probably play a minor role. HadJiminus et al. (ffAe¡ observed that 
l

, the high pressure baroreceptors produce a. resistance and capacitance response

I in the intestins sirni}'¿¡ t6 sympathetic nerve stirnulation. Since, in his

i experiments, the venous pressure l,ias zero, it is unclear, as to how much of the

rj irrtestinal capaci-tance response lrres due to an acüive and/or a passive. response. a:t,t:i,

rSplenic Vascular Bed ' ''::. j:::

..-t 
_,:._.

The splenic contribution to cpntrol of distribution of blood volume

has been stud'ied more intensively than that of any other organ, The spleents

I 
reputati-on as a reservoir began in the l?th centuly r*ith Malpighirs description i:,,i.:::

ofmuscular trabeculae (cited by Franklirn, 1937) and was advanced by Royrs ":""

studies vrith an oncograph, relating splenic contractj-on to factors affecting
the blood pressure (Boy, 1881). Barcroft and Barcroft (tgzl) anct Barcroft and

': :'tr- . :
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Steven (1927) finnly established the spleen as a reservoir in dogs ancl cats

by shor,,'ing sequestration of erybhroc¡rües and by direct observation of

e>úeriorized spleens.

The vascular bed of the spleen empties via the portal vein into the

liver. The capacitance function of the spleen has been studied. by plethys-

nography (Roy, 1882; Bareroft, Khunna and Nisimara, !932), chronj-c exterior-

ization (Bareroft and Stephens, 1972), vlsualization through.an abdominal

windoy¡ (Barcroft et al. , J:972), photographic (Ce1ander , Lg5l+), ra.diography

(Barcroft, Harris, Orahovats and ÏJeins, 1925)-and r'-eighing (Stickr l{aclean

and Vj-schner, L959; Greenrvay and Starkr 19?0).

the expulsion of blood from this depot could be accomplished by activity

of the capsule and. trabeculae or the venules and sinusoids, The spleens of

cats and dogs greatly change their blood volurne, while in nart, the splenic

capsule contains onJ-y littIe muscle, the organ is sma-ll a¡rd its role as a

blood reserwoir is negligibl-e (Fo1kor.¡ and Nei1, ]-:ITL). The above observations

and the demonstration by Biekert,on (1963) on isolated spleen strips support

the view thaü the capsule and ürabeculae are responsible for contractj-on of

:ühe spleen.

The micro - circulation of the spleen is exbremely confused. Hor+ever,

ín spite of the disagreements, it is generally agreed that the spleen consti-

tutes a storage system for high hematocrÍt blood" Therefore, the blood

ercpelled from the spleen d.ue to splenic contraetion as in henrorrhage is

concentrated and has a hematocrit val-ue higher than the eÍrculating blood"

The observations by Greem;ay, Lawson and Stark (fgóg) r,¡ere that the spfenic

r'ieight recovered slor,¡er than florn'when sympathetic splenic nervelstjmulation
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ceased and that oeclusÍon of the splenic vein for two minutes did not appear

to accelerate the recovery process of splenic ueight. ThÍs suggests that

eÍther there is a slor^¡ relaxation of the capacitance mechanism or the filling
of the spleen r¡ith concentrated eryühroc¡rLes is a complex process requiring

':¡'¡-:-:' : ' r:'

", tj:ne. Schafer et a1., (1896) observed. that splenic volume varied. v¡hen arteri-al .,i,':,,',',.:l"

pressure changed. Bareroft et aJ-. , (1925 and,1927) observecl the spleen to

contract l¡hen a cat exercised and. the response r.ras dependent on an intact
: 

t 
.: .. ..'t nerve supply. In the dog (Grindlay, Herrick and Mann, L939) and j.n the cat i,.,.,'.,,;,,,,;.,,,. 

.. 
,' . ,

,1. (Barcroft et aL., 1927; Greenrvay and Stark , 1969), it was observed. that the 
,,,,,:,,;¡,¡..,,

smooth muscle of the splenic capsule and trabeculae did not show either 
' '1 :

I p"essure - induced myogenic contraction or passive responses to change in
arterial pressure.

ì Sti¡nulation of the sympatheÈic nerves to the spleen produced a splenic i

1contraction(Greemray,!ai1,son.andStark,1968).Thesp1enj.cvolumedecreased
i

I at the onset of splenic sympathetic nerrre stimulation and the volume
l

I change reached a plateau at about 3 Hz" indicating that a maxirnum capacitance

, "esponse 
had been reached,. This maxir,rum capacitance response indicated. that

,, 7l# of the splenic bl-ood vol-ume was e>çèlIed and this represents about 9É :'tì.i..:,
':

,, of the anjmalts total blood volume. After denerv"qtion of the spleen, the ,..',,¡;.,:,.',,:.i
,,.. -.. , ..i ...

spleen still sho¡.red a contraction during a hypotensive hemorrhage" This

: lg68i Greenr*ay and Stark , 1969), these observatj-ons suggesü that the splenic
t 'i ,,.r.,,.'',::,i::,.
"i capacitance vessels.are controlled by the sympathetic nerves and. secretions r':::;r:::::r'.:l

from the adrena] med,u1la,

Exbracts of the adrenal meduJ.la caused contractj.on of the spleen in

,:I.:":..-.,:-.
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aogs (O1iver and Schafer, 1895). Adrenalíne uas found to produce a greater

capacitance response in the spleen than noradrenalj-ne (Ahlquist, Taylor,

Rar.¡son and Sydovr , 1:95t+, Celander, ,Lg5l+t Bickerton, 1963¡ Greenway and Stark,

I9?O) r,¡hi1e noradrenaline was found. to be similar to nerve sti¡rulatioril (Davies,

Ganble and r¡Iithrington, L96Bi Greemtay and Starkr I9?0)n However, Rego1i' and

Vane (1966) have found. that a slor+ non-hypotensive hemorrhage'does not produce

an adrenal medullary d.ischarge. Hodge et aI. (1:969) 
"nd 

Celander (f954) frave

concluded that the quantitatiys importance of hormones, released from the

adrenal nedu$a after different stirnuli, is insignificant r'¡hen compared to

ùhe effects of activation of tlr,e regional sympatheti-c nêr.V€so

- 
- pheno>rybenza¡nine decreased splenic contraction in response to spienic

nuiv"" and injection of adrenaline or noradrenalíne (Green et a,1., Li6Oi

Thoenen et al. , 3g6t+i Haefely et al. , 1965; Bickerton, 1963; Ottisr et a1.,

1951). Splenic voh:me was unn]tered by beta - adrenergic agonists (Davies

sPlenÍ-c contraction seems toet aI. , 1:969; Greenrray and Stark, 19?0). Thùs

úe mediated by al-pha - adrenergic receptors.

passive collapseiof the splenic capacitance vessels during hemorrhage

seems unlikely for splenic voluine renains constant uith a reducticn in

portal flotn, or arteri.al pressure (Greenvray, Laln'son and Starkr 1968)"

Thus, the available evid.ence favors s¡roipathetic control of the splenic

capacitance response. The a.fferent pathl+ay involved in such a response

mechanism is unclear but I believe it to be elicited by ]oi".' pressure venous

ancl atrÍal recepLors along r¡ith minimal involvenent of the high pressure

baroreceptors 'Lhat have been previously described under capaci-tance vessel

control. This l¡elief is supported by a s¡raII amount of evidence presented

/ d'i l':i:l:::ìl

r': f-I
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by Pelletier et aI. (1971).

Hepatic Vascular Bed

The liver has been regarded as a subst,antial blood. reservoir since 1915

on the basis of pharmacological studies rvith therrcostromhrs. The hepatic

vascular bed receives about 33fr of the cerdiac output (Greenrvay arra St.tt<,

19?1) and of this about one third reaches the liver r¡ia the hepatic artery

(greeniay et al.. , 1966). The rernainder is via the portal vein r,.'hich drains

both the gastro-intesti-nal tracü and the spleen.

A number of studies have been reported on the effects of hemorrhage

on the hepatic vascular bed, In the liver of the cat a prornpt decrease in

volur¿e occurred. after a smal-l hemorrhage and. this response was aboU-shed

after section of the hepatic nerî¡'es (Criffitn and hery, 1930). In nan

the size of ihe radi.ograph shadow of the liver: decreased aíter hernorrhage

(Glaser, l.ÍcPherson, Pri.or and Char1es, 1954),

Investigations of the effects of hepa.tí c sympathetic nerve sii-rnu.3.atÍon

on hepatic vol',;¡ne in cats hrere reported by Greeru.iay and Stark (l!6Ð and

sjmilar responses have been observed in dogs.(Greenway and Oshiro, L972).

Hepatic volu¡ne Cecreased at ihe onset of sti¡nulation of the hepatic nerves

and reaqhed a plateau after l¡ minutes. Maxi¡ral resnonses 1';eï'e obtained. at

frequencies of about 6 Hz. r.,¡-hen 50ß of the liver blood volume r,¡as exr.¡elIed.

The hepatic capacitance response was therefore large and up lo 7?! of the

animal-¡s total blood volume ÏIas eryel-Ied.. This hepatic capacitance response

is mediated_,through alpha - receptors (Green'r.vay e¡rd Lauit , J972).

The effects of hepatic rrerve sti::rulation on fluid exchange in the liver

have been looked at by Greenrr'ay, Stark and Lautü (1969), r.rho showed that
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after the initiel decrease the hepatic volume remained steady during the

period of hepatic nerve stimulation. This suggesüed that net flìrid movement

across the sinusoidal r,¡aIIs did not occur and therefore the sinusoidal

tSrdrostati-c p¡essure and the presj-nusoid.al to postsinusoidal resistance

ratio were unchanged. In this aspect the fiver resernbled intestine (Folkor+,

Levris, Lundgren, toÍellander and i¡lallentin, L96t+) and. spleen (Greennay,

Lawson and Stark' f968) rather than skeletal musele (l4e11and.er, 1960).

!'lhen the hepatic'venous pressure r..'as rai-sed, Greenr.,ray and Lautt (I9?O)

observed an initial increase in hepa,tic blood volume vrhich r,¡as followed. by

a slower steady increase in volume r.;hich did not indicate that it would

reach a maximum. The initial Íncrease in hepatÍc volume appears to be

due to distensi-on of the capaeitance vessels and the slo'¡¡er increase d.ue

to filtration. It therefore appears that the hepatic tissue hydrostatic

pressure changes in the lj-ver'do not piay a significant role in the baJ-ance

of fltuid exchange across the sinusoid.s. fn this aspect, the liver did not

resemble the intestine and the spleen. Upon returning the hepatic venous

preesure to zero, the hepatic blood voLume returned cl-ose to the control

level without ar5r evidence of reabsorption of þhe filtered fLuid.s. Brauer

(fg¡g) and. Greenway and Lautb (1970) reported no effect on hepatic volume

when hepatic venous pressure r.ras reduced to below zeroe

Since hepatic volume was unaltered by a dose of vasopressin that red.uced

intestinaf flor'r by 60$, by altering arterial pressure, and by autoregulatory

escape of blood flow seen during hepatic nerve stimulation, it rnay be con-

ctruded t,hat passive eapacitance changes ir: the liver as a result of hemo-

dynanic arterations are minjmal (Greenway and Lautt, 1972).

::.: ::.t.:
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Thus, the available evidence suggests that the hepatic capaei-tance

response is under di.rect sympathetic control. It has been shorrn by Lautt

and,Green¡ay (1972) that activati-on of the high pressure baroreceftors did

not result in a signifi-cant capacitanee response. Therefore, as a viorking

hypotltesis, the afferent limb of this sy:npathetic reff-ex could be lorrr pressure

venous a¡d atrial receptors as previously described.

Present Stu4X

Ïn the resting cat, the splanchni c vascular bed accommodates about 36%

of the total blood volu¡re (ta'ote 1), receives a simjI¿¡ proportion of the

cardi-ac ou.tputr and thus is a major deterrninan'b of tota-l peripheral vescular

resistance and systemic arterie-l btood pressure (follow and .Neil , LgTl-).

Experinental data on the bloocl conteni and the blood reservoir function of

the splanchnic vascul-ar bed are scatíered in the literature. Tab1e L (Greenv,ray

and Lister, l97l+) indicates that the splenchnic vascular bed releaseS 19É

out of the possible 28Å of the tot¿f- blood vo}:ne i^¡hich can be ¡nobilized

frorn all the vascular beds upon mar5mum .s¡rmpathetic nerve stj-mulation.

The e>qperi¡rents in this study r^¡ere designed to further confirur the

predictions for the splanchnic vascular bed made in t¿b1e 1 and to ¡neasure

the splanchni-c bed ability to pool btood during an infusj-on of r¿hole blood..

Ì'farry investS-gations r'.'ere devised to exÞlore the response of the splanchnic

vascular bed to hemorrhage.-These investigations involved a rapid. hemorrhage

to create a hypotensive state (.Alexander, 1955; Friedman, Frank and tr'ine¡

r95l; Gl-ase-r, I'fcPherson, ?rior and charles, L95I+; Johnson, r96oi Reynell,

I'farks, Chidsey and BradleÍ, 1955)" Such an investi-gational procedure creates
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involved and complex problems for a large rapid hemorrhage r*ould maxjmize

all colnpeúsatory mechanisms in attempting to r.eturn the animal to its homeostatic

stqte. It is not easy to standardize hemorrhage. Besides using the sa¡rie specieo

and anesthetic'agent, there is need tô consider the body lrreight, blood 
,.,.;.,,, j..-_.: ,__- :-..-

.vo1ume, cardiac output, regional blood florts, arterial pressure and' the 
;::r.":i:"'

depth of anesthesia and hence the activity of the compensatory mechanisms.

Hemorrhage in different erqperiments may be comparéd by reducing cardiac ., .

output by a constant proportionr bÍ removal of a si¡tj-L,-ar volume in each ' '' :'"'

cat, or by producïion of sjmilar degreès of hypotension. Since satisfactory 
f...,'..,....,'..

measurements of cardiac output involves considerabl e surgical intervention,

. tluis means of st,andardization r¡as not employed. In order to avoid the problems

created by a large rapid hemorrhage, I used a sJ.or'¡ nonhypotensive hemoruhage

an¿ therefore bleeding to'a given bLöod pressure rvas not reasonable. Therefore,

blood l.ras removed at a constant rate, A.5 rnlfUg/mín., through a cannula

inserted into the inferior vena cava.

AnesjÞhesia

All e:çeriments v¡ere done in cats anesthetized t'ith sodium pentobarital' 
;.,............ 

:_Ì.:.-.:.:....:.

A vari-ety of -studi-es in dogs has indicated that anesthesia l'rith pentobarbi-tal ¡.;'1''-l:',':

has negligible effects on the splanchni-c vascular bed; splanchn-ic blood fl-ow 
',,rt.l...t,,;

remains essentially unchanged. and. thj-s has been associated t¡ith a slight 
'i' ' r:'r

d.ecrease in spLanchnic vascular resistance (Evringham, Brenneman ¿nd Ho'aath,

Lg5gt Gílnore, 195St Kai-z and. Bergnan, L969; IfacCannell, 1!6t; Pratt, Holmes ;.:;..:.:1,:¡.
1:.;r'. .:11..

and Sheid , Lg5Z)..I'fost cardiovascular studies are done in anima-ls anesthetized

with either pentobarbitaf or chlor¿Iose. Baroreceptor and chemoreceptor re-

flexes are somel,ihat depressed rurder pentobarbital anesthesia but they are
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exaggerated and. less uniform under chloalose (Ceishefurer, L965; Clifford

and Soma, L969; Brown and HiLton, 1956; Àrrnstrong, Porter and Langston,

196I; Strobel and vJollman, 1969). In the cat, Greenway, Larr'son and ì'Iellander

(L967 ) found that the response of the'hepatic arterial bed to carotid oc- 
,,,,,:

clusion and hepatic nerve stimulati.on l,:as si¡rilar under pentobarbital or r" ì

chloralose and u::ethane anesthesia. Físher et al. (fg¡ó)¡ Gilmore (1958)t

Evringharn (L959), Galindo (L965), and Katz (L969) shov¡ed no significant 
,:,;:,,

alterati-on in hepatic vascular pararneüers in cats anesthetized L'ith pento- i.'

barbital or other baribituate anesthetics. 1"','',
: :-,.

Pentobarbita] has been reported to cause dilation of the dogrs spleen

(Hahn, Bale and Bonner, l9l+3) and to relãx the capsul-e of the spteen (t'fakirn,

Lgh(, Hausner, Essex and I'Îann, 193S), but this enlargement or re1æce.tion 
:

vras seen only r.¡hen the spleen had been contracted. t¡ithin the preceding ! or ,t

I0 minutes by some other mechanism. l,fith snall d.oses given to ce.use a faIl 
,

in blood pressure the spleen alrtays eontracted (Guntheroth and l{u1li-ns, L96Ð. ',

Ägreatdeal.ofthepreviousrn'orkon.theeffecisoihemorrhageqnthe

scular bed has I pentobarbitaf (Greenway errd Stark,splanchníc vascular bed has been done using pentobarbitat ( 
.,::,,.,

t9?1). Since much more is knornn about the pharmacological acticns of pento- : :'''',

barbital than about chloralose and since pentobarbital tends to roinjmize ...,.,,.,,
. '...: ..

rather than exaggerate the responses, pentobarbital was chosen as the anestheùic

agent. The present resul-ts mêy be apnlied onJ.y io cats anesthetized rvith

sodium pentobarbital. Further j-nvestiagation is required to confirm these ,_,,,,,.:.,,'
. ::..r:,.

resu.l-ts in different speeies and in conscious anjmals.

Teghnlaue.. .

The techniques available for study5-ng the capacitance vessels are fel¡.



-21+-

;

llany studies have been performed using i-solated veins. However, this tech-

nique real}y d.oes not ¡neasure in vivo capaci-tance responses r¡hich take,place

in the small venules. Therefore, an exbrapolation of results from isolated

veins to venules in vivo could be very misleading. .A,nother rqethod that has
'

been used to measure the capacitance responses in a vascular bed is to take

the.difference between the sur¡rned change in arterial inflow into the bed and

the sunmed changes in venous outflow from the bed. The validity of measuring

a change in blood volume fro¡n the difference betr'¡een inff-on and outflow

depends on the accuracy trith l¡hich blood flow can be measured and on the

completeness v¡ith which the region under study can be vascularly isolated..

The method chosen for these experiments Ì,'as Folkor,¡t s plethymsographic

technique which was modj-fied by Greeruvay, Stark and Lautt., (1969) to measure

directly the hepatic volr¡me. The plethysmograph technique a1lor.¡s direct

vol¡rne measurernents of the intestine and liver. Althrough the plethyrnsograpu''

is a valid technique to measure the splenic volu:ne, the gravimetric technique

for direct volume measuremen! was used so that this rqork couLd be compared

r+ith the ruork of Greenway and Stark, The' major disa<ivantage of the plethysruo-

graph and grevimetric teehnique is their inability to separate active from
:

passive effects.

ii::.:

'-.,]
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}îETHODS

General

. ThirÞy six cats of either sex and r,reighing betrseen 1.9 - 2.9 kg. bo{y

veight, mean 2.\kg., Ì¡ere fasted for "21+ hours. Anesthesia r,rtas induded by

intraperi.toneal inJection of sodium pentobarbital (Abbott, 30 ngfi<Ð. Irtrhen

reflex ear, ì-imb and svrallorving movements returned, supplenrentary doses of

pentobarbita-l (Z ng/Uù l.r'ere given through a cannula j-n a foreljmb cutaneous

vei-n. A heating element¡ positioned under the operating tabIe, maintained the

rectal temperature of the cats at 38oC. The cats respired spontaneously, but

to ensure a free airway the trachea vrras cannuLated. l.fean systemic arteri-a-l

pressure r.¡as recorded from a cannula placed in the J.eft femoral- artery and

connected to a P23l\C Stathum pressure transducer. The abdo¡ren l¡as opened by

a nid-Iine incj-sj-on and the free ed.ges of ùhe peritoneum muscle and skin'Ìtere

tíean portal pressure was rucor¿e¿ (pZ3nC Stathan transducer)serm together. l'íean portal pre

from a cannula inserted into the portal vein through a smaÌI branch from

the appendix. All recordings l¡ere made on a Beckman þe R dynograph recorder.

A cannula was inserted through a femoral vein so that its tip lay in the

lo',ver abdominaJ. inferior vena cava; this cannula r.¡as used for infusion or

withdrar^¡al of blood.

Afber conpletion of the surgery, al-I anj¡ra}s were given 5 ¡n1. of 51"

dextran in 0.9F /v ttaCt end the recorded variables lrele allorned to stabilize

for 30 - 45 minutes. Tn the cats subjected to hemorrhage, blood. r'¡as remot'ed

at a constant raLe, 0.50 nl./kg. /llrirn., through a cannula inserted into the

inferior vena" cava into a glass syringe containing heparin (10 mg. ) and a'

magnetic sùirring bar. In the volume e,xpansion studies, fresh ir'hole blood

...,.J.,-tj"li.:

''' ',, 
.

:' :. ':.'|'.
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..'''.'
,.¡. -,.,., 1, ,¡.,

r'ras obtained from a large doner cat which 1¡ras anest,hetlzed with ether and

the Jugular vein cannulated. tslood was r..'ithdrawn using 20 ml. syringes and

the collected blood was placed into a glass container r"¡ith 1O mg. heparin.

This blood. v¡as infused Èhrough a similarly placed. cannula at approximately 
,,,.:,.,,r,,.,.,..,

the sa¡ne rate, 0.56 nl/kg/m:-:n., as in the hemorrhage e>çeriments. The blood :"':::":::'::

r.¡as mixed by a magnetic stirring bar.

Blood Volu¡ne Determinati-ons
.-...r, .t, ,',', ,.'

the blood volu,ne of the intesti-ne and liver was dètermined. at the end ;:":'':r.-¡,'::.'

of the e>qperiments by the method of lviellander (1!60) for the i-ntestine and :,;...-,.,,.r,:
-,i", .'i l

by the same method rnodified by Greenway, Stark and Lautt (L96g) for the liven.

A. sanple of intestinal or hepati-c blood r.;as taken and a cord r,¡as tied around.

tåe outlet from the plethysnograph thereby sjmulteneously clarnping all vessels.

The vessels rvere cut belor,¡ the cord. and the r.reight of the portion of the

iniestíne or lir¡er in ihe plethysmograph was determined. as 1,ras the total
r'reight of the gastro-intestínal- tract and liver. The intestine and. liver rr¡ere

flushed out r¡ith 0.9É saline and the l'¡ashout r.¡as collected and. measured.

An anrnonia solu.tibn rtas prepared by d.iluting 1.4 ml of stock solution 
,,:,:.;::,,,:::,::

(z# a*ronia) to 100 ml lvith deionized l.¡ater. Forty m1. of this soluti-on :t1''tt'ìt.
,...,:,:.,,

was placed. in each of four plastic containers and l- mJ- of washout sa:np1e ''',;,:,,.,;-¡l:..''.-.': 
"

rvas added to one, duplicate sa,nples of 0.1 n]-" blood r¡ere ad.ded t,o tr,¡o

other containers and the fourth served as a b1ank. ï,i-ght absorbance r{as

determined with a spec,trophotome'r,er at i,'ave length JdO ô o ïntestinal and. 
lì...1'..ì.,:

hepatic bloori vol-umes Ïi'ere caleulateo (taule r) ¡y the equation:

{þs. Fead. l^iashot:! Se-:no. * \¡o@ * t:lashoul. VoI" X 1OO. ^@o'orgên 'r 10u

This e:çression gives the vohuae in nl/IOOg of tissue.
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The splenic blood volume and the catrs meaïÌ total bl-ood.rolurn" ola"

not.determined but taken from the literature (see results and table 1)],

Intesti-ne.

Eryerj-ments Ì.Iere perforned on twelve cats (six subjected to hemoirhage,

six to infusion), A section of ileumr'usually r*eighing 32! I.5 g, was

chosen for the e>çeriment. This section of the ileum 1.¡as separated from

the remainder of the intestine by divÍsion beüween tigatures at each end.

The mesentery r¡as divided betueen ligatures dol.m to the origin of the superior

rnesenteric artery and vein, thus providing a vascular pedi-cIe to the separated.

Ioop. The loop r.ras placed in a trÍangular plexiglass plethysmograph v¡hich

r.¡as sealed r+ith plastibase (Squibb). The nethod r¡as sjmilar fo that pre-

viously described (Fo1kor'r, Lundgren and l.Iallentin, fg[) except that the

intestinal vein v¡as J.eft intact. The vascular ped.icle conta.i-ning the superior

mesenteríc artery and vein ceme out of the plethysnograph through a closely

fitting opening at' the proximal angle. lrr ttr""" e>cperiments, the tip of the

portal- pressure cannula lay in the mesenterj-c vein ',vithin the plethysmograph

and the pressure r'res trecorded before and after the plethysnìogreph r..'as sealed.

Great care rras taken to avoid obstruction to ti,e ve""els and nerves. With

this- arrang"*"rrtr- the intestine l+as enclosed in the plethysmograph in a

perfectly air and. water tight r.ray rvithout inierference r.¡ith either the

arterial inflow, the venous outflol^¡ or nerve conduction, and the mobility

end color of the lntesti-ne coul-d be directly i-nspeeted. The plettlysmograph

l¡as filled uj-th Ringer-Locke soluti-on at 37oC and comected to a float re-
'

corder which operated an isotonic transducer (Harvard Apparatus Co. I'Iodel

356) (fig. 2 ). The pressure within the plethysmograph was adjusted to zero

with respect to the level of the heart. The temperature j-nside the plethysmo-
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graph fias maint¿ined aL 36oC rrith the aid. of a lenp. The abdominal cavity
lres cloaed by pulling the skin and muscle (u'tricn have been sewn together)
in around the sides of the plethysnograph to ninjmize e>çosure of the

nesentery. The mesentery that led into ihe plethysmogr.:r.ph r.ras kept moist

by being r.rapped. in gauze soaked r¡iih saline.

In each e>rperinent, the recorded. volume change r,¡as multiplied by the
total r'ieight of the stomach, intestine a¡rd eoion and divided by the 1,re1-ght

of the intestine in the plethysnograph and the body weight to convert the
data into :n1- change Ín gastro-intestinal voh¡me/kg. body r,rei-ght. Using

this unit, ù/kg, the mean vorune change is expressed as:

(") a percentage of the mean brood volune removed or infused

Y 1 .^.4\- I'iean VoI. F.e¡noved oi infr:sed@ZÐ À ¿uu

(u) 
" pe:'centage of the mean totar blood volume of the anima-l- (Groom eü al. , Lg65)

x 100

(c) a perceni'age of the mean gastro-intestinal bloo<i volume (taUfe f)
G,I.Tract Vol. Chanqe (¡.¿/r--t¡ffixloo

SpIeen

Tn enother tr^¡eLve cats (six subjected to hemorrhage, six to infusion),
splenic iteight Ì'¡as recordeci by the method previously d.escribed and evaluated
(Greenr',ay, Lar'ison'a¡d Stark, 1968). I'ihen the spleen was exoosed. by a micl-

line abdo¡ninal incision, the vesse'ì s in the gastro-splenic 1igament and. the
inferior part of the lieno-renal ligaments were tied and the ligaments
divided to allor',' mobiLj-zation of the spleen. 't-he vessels to the body and

tail of the pancreas Ï¡ere t.ied.

.T.Tract Vol. Ch:n,ce
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The spleen l'ras llfted through the abdoninal incision, wrapped in gauze

moistened r'¡ith r^¡armed salj.ne solution, 37oC, and, surround.ed by thin pol-y-
thene sheet. rt v¿as then placed on a weighing crad.le made fron porybhòne

covered Ì{j-re which was bent to the shape of the spleen and ind.ented. to ac-
commodater alrd prevent undue tensio.n on the vascular pedicle. The cradle was

suspended freely just above the abdominal wal-I fr-om a force displaeenent
transducer (Grass FTo3c) ce-librated by r,'eights to record the splenic ueight
(fig' 3). The signal from the transducer r'¡as fed into a Beclsnan dynograph
recorder (Type R). The temperature of the spleen rï.es checked periodieally
and it did not vary by more than 2oc from the rectaL temperature. ï:a the
j'nfusion e:çeriments, the portal pressure cannul-a r.ras placed in such a r.ray

that, the cannula tÍp lay in the portal vein close to the entry of the sprenic
vein''At the ead c'f each e:çeriment the ped.icle was iied and cut. Àny dif-
ference. in recorded wei-ght, caused. by the pto"rdu=" was d.ue to tension on

the pedicle and' this weight r'tas substracted from the values obtained <iuring
the e:rperiment. Tt rvas assumed that the pedicie tension re¡rained constant
during the e4perimeht. This assu[ptj.on lr,as shor.¡n to be va]id since if the
splenic pedicle is tied' but not cut there is no change in weight over severel
hours (Greenr*ay, Lawson and. stark, 1968)n rn each experiment, the recorded
weight changes r'¡ere divided by the body rveight to convert the data to gram

change in splenic r'reight/kg. of body ïeight. tiri" unit, gn/kg, v,,as di_rectry
exoressed as nJ/kg inorder that the splenic change coul¿ be i-n voLrunetric

'tenÎs' ThÍs cei culation assulnes that the specific gravS-ty of blood erpelled
from the spleen is 1.0. This assumptlon is incomect for splenic blood l.;ith
its high hemaÈocri-t, rvouÌd have a specific gravity of about 1.02. However,



since the splenic blood hemaùocrit was not determined and therefore the

above ca-Lpulation would overestimate the splenic response by some ffí. Using

the unit, ,ú/kg, the mean vol-une change is expressed as:

(.) 
" percentage of the mean blood volume removed or infused

$plenic VoI. Change (nl-,/ke) v .ì^^
l'ffi or rnrus"¡l-ffisf Ã ru\r

(¡) a percentage of the mean total blood voltme of the anjmaL

x 100
Ò

(c) 
" percentage of the mean splenic blood volume (taUfe f)

x ]00

Líver

'In another tl¡elve cats (six subjected to henoruhage, six to infusion),

hepatic voh¡me lras recorded by the plethysmograph method previously described

and evaLuated (Greenr+ay, Stark and. Lautt, t969; Greemray and Lautt, L97O).

Inord.er to fit the hepatic plethysmograph r,¡ithin the abdorninal cavity, it

Has necessary to rnake an incision along the right subcostal margin (4 - 5 cn)

beside the rnid-line abd.ominal incision (6 - I cm). ïn cats weighing less

than 2.j kg or in cats with a narrow chest, a left subcostaL margin incision

(Z c¡n) r,¡as also made. The anterior ligaments connecting the left medial and

quetrate lobes to.the diaphragm and the dorsal ligements connecting the left

lateraL lobe of the liver to the diaphragn were lÍgated and cuÈ"

Portal pressure was record.ed fron a cannula inserted (to rcitfrtn about

1 cm. of the hilu¡n of the liver) through a small vein from the appendix.

A carrier, lubricated rsith paraffin oil, was then slid u¡der the entire
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liver exc'ept for the right lateral and caudate lobes, and, vrhen the liver

Ì¡as securely in place on the carrier, it v¡as Ìifted and the lor.,'er ot b.""

plate of the plethysmograph ruas slid under the camier which r-,'as then re-

moved. The second section of the plethysraograph, the sj-de or center pi-ece,

and the Iid or top section lrere inserted into place (fig.t, ). In this way

the liver r¡as nof e5gosed to hard or sharp edges or to undue ¡¿¡1ìpulation,

Plastibase was inJected around the apertur.e and by this method, the Liver

r.¡as sealed l¡ithin the plethysmograph and the hepatic artery, portal vein an¿

hepati-c vein passed, intact, through a 2 cm. aperture. The plethysmograph

r¡¡as filled v.¡ith r+arm (3?oC) Ringer-Locke solution and connected to a float,

recorder r,,'hich is attached to an isotonic transducer similar to the uay the

intestinal pletkrysmograph was set up (fig.5 ). The þr:essure in the plethysmograph

was set et, zera relative to the hilu¡t of the liver. Because of the trans-

parent natu-re of the plethysnograph, any bleeding or d.iscoloration of the

liver uhich ¡,¡ould. indicate gross macroscopic da:nage c.ouJ.d. be observed,

The gallbladder l,.as not a factor in the volume response measured. The

gallb1add.er r'ras visible through the transparent wall of ühe plethysmograph

and its volune of 2 - 3 ErJ-. did not appear to change duling the e>çerj¡rents.

f¡ each exoerimenò, fhe recorderC volume changes ,,verå multiplied by the

total liver weighi, divided. by the rveight of the parrt of the liver uithin

the pIeühysmograph and divided by the body rreight, to convert the data j-nto

mI. change in hepatic volume/kg. body lreight. Using this unit , tnJ./kg, the

mean volume change is ex-oressecl as:

(*) * percentage of the mean blood. volume removed or infused.
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x 100

of the mean hepatic blood volume (taUte f)

'!::t i::

Hepatic VoI. Chanse (ml/kg) v r ^^¿L IUU

(U) a percentage of the mean total blood volume of the ani¡nal

(c)

x 100

Calibrations

The fercoral arterial and. portal venous pressure transducers ll'ere cali-

brated r.¡ith e mercury and r¡ater manometer respectively once every nonth.

The transducer and record.er ivere found to be stable. The hepatic and intestinal

volume record.j-ng along r.¡ith splenic i¡6i ght record.ing lvere checked for linearity

and calibrated before every experiment. The full range of operation r^¡as

checked by stepr"ise injections of Ì mJ-. to .a total of 10 nl. into the hepatic

plethysmograph, of 1 r¡1. to a total of I mJ.. rnüo the intestinal plethysmo-

graph and by. the addition of 1 mg. r.ieíghts to the spleni-c weighing cradle.

GeneraJ- Ob se::trations

The control values presented here ere means t stand.a¡d. errors of the

data from every cat t¡hich was used. Control va-lues for each series of e:qperi-

ments are presented in the appropriate tBesultst sectí,ons"

All control pressures, liver and intestinal volurres and splenic r+eight

r¡¡ere me¿r.sured. after the surgery ?¡as completed, immediately before the first
e>çerimental maneuver, and r.¡as monitored continuously throughout the ex-

peri:nent. The arterial anC portal pressures r.Íere nell maintained and the

volume of the liver and the intestine.and the neight of the spleen re¡nained

stable in the control Þeriod.

e

"ö

percentage

üíc V
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The general state of the anjmals rvas good. Cornea1, ear flÍck and

sr'rallorvíng reflexes returned. repeatedly as the effects of each supplementary

dose of pentobarbital wore off. B1ood loss during surgerîr'was alnays vetlr

s¡naIl.
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. GENERAT

The results of the exÞeriments in this thesis are Þresented in

ce to answer the foffo*irs questions: (1) noo, *.rr"n blood is nobilizedsequence to answer the following questions: (1) hov¡

from or pooled in each of the splanchnic organs, gastro-intestinal tractt
..: .:i-.1--
j-. :1: . il_. : -rr::; spleen and liver to compensate for the hemomhage or infusion and what ':,:.:i:

pereentage d.oes this represent , (2) lrhat percentage of the anjmalrs total

bÌood volume d.oes this represent and (3) what percentage of each organis
t tt'

.,,1 
. blood volume does this represent? ,,',r¡.,'

' :.'.. -

.!.|':'..EÍghteencatswereusedineachofühehemorrhageandi.nfusj.onex-
:,-t i.rt.,

periments. The eighteen cats v¡ere equally divided. into three groups: group

1, where the gastro-j-ntestinal volume r4ras measured; group 2, vrhere the

I splenic volume r,ras measured and group l, rthere the hepatic volume Ì.ias

measuredó

by a completely random analysis of variance test (Steel and lorrÍe, 1960).

r In all analyses a probability of 0.05 was selected as the criterion of

statistical significance.

.:_:.1-:.-'.
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SECTÏON &

Blood Pressure and Portal pressure Response

to a SIow Nonl¡ypotensive Hemomhage



^Á-)ö-

RESULTS (snctrorq r)

Blogd Pressure Resoonse to Henorrhage

Arterial blood pressure was measured in all eighteen eats subjected

to hemorrhage. The effect of these hemorrhages on arterial p"u""r.*u orà"

not significantly differenü betr.¡een the three groups of cats involved.¡

group I, where the gastro-intestina] volume was measuredi group 2, where

the splenic voh¡rae l.ras meesured and group J, where the hepatic volume rvas

measured (table 2).

The mean control arterial pressure of the eighteen cats '¡as 12I t 6.0

mnHg. This pressure decreased lJ mmHg. during the first 16 urinutes v¡tren

I nl/kg. of blood had been removed. After this point, the arterial blood

pressure decreased rapidly (fig. 6). Therefore, the poínt r.¡here B nL/kg.

of blood had been removed r¡as taken as the start of hypotension and the

organ volume changes up to this point were analyzed. Removal of I ml/kg.

of blood represents the renoval of J-5fi of the totaJ- blood volume of the cats

(rnean bl-ood volume 52 nJ,/kg; Farnsviorth, Paulino-Gonzalez and Gergersen,

1960; Groon et a,1. t ]-1965; Scott, L972; C.V. Greenr,rayr. unpublished. observatÍons).

Portal Pressure Response to Hemorrháge

Portal pressure response to hemomhage Ì.ras measured in six cats that

r{ere involved in the hepatic volume experjments and in five of t,he sj-x cats

involved in the intestinal volume ex-oeriments,. The effect of these hemomhages

on portal pressì.rre r.¡as not significanty different betr"¡een the trvo groups of

cats in r¡hích the measurements tlere taken (taUle Z).

Portal pressure t¡as not monitored in t,he cats involved in the spJ'enic

volume erçerirnents because the experiments rvith the liver and intestine

showed no significant changes in portal pressure. The mean portal- pressure
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durfng the control period was 8.6 t 0.8 nmHg. and this decreased lo 7.3 t O.g

mmHg. v¡hen I nt/kg. of blood had been removed. from the animal.(tau1e z).
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. SEOTTON 2

Gastro-Tntestinal Blood Volume Response

to a Slor.¡ i,{onhypotensive Hemorrhage



RESULTs (ssctroN e) ,,.:,. l

Gastro-ïntestinal Volume Chenses in Resnonse to HemorrhaEe

Figure f shons the eÍperjmental record of one cat subJected to hemorrhage.

The initial arterj-aI pressure tras 110 mmHg., portal- pressure was 7 mmllg. and

the catrs weight t¡as 2.4 kg. The ileu¡n responded i¡rmediately to hemorrhage
i: :':ì whÍle the blood pressure and portal pressure remained relatively stable up ::;::":'1::''

untí} the point where 5 rnl/kg. of blood had. been r¡ithdrav¡n. Then the arterial

1". The resulü'eJßt volume changes that were recorded. in the piece of ileum ..,.,-''' i,'.,

",, 
were extrapolated on a weight basis to the whole gastro-intestinal tract. ,,.,,,,.,,,,.t,.

. 
,,,,-:._.:-.._ :.--

This exbrapolation may not be entirely valid. There is not any direct data

itosupportthÍsexbrapo1ationforthestomachbutHu].ten(r969)shorved'
.tr,attheb1oodcontentofthe1argeintestineand'co1on}fas1rerysjmi1arto

i that of the ileun in cats. The exbrapolation rvas used. to estj¡nate the total 
i

i . splanchnic blood reservoir function and to allorv conpari.son of fhis work l.¡iih 
l

I tftat of Brooksby and Donald (1971 and. L972). Their r.rorlc, ruhich was published. 
l

, duri-ng the cóurse of this invest!-gation, involved equall-y inportant but

different limitations and the similarity of the data on the ta,ta1 splanchni c
. : . . . . ' .. ..: : :

f ¡ . .:....:..:j::..,,,,, bed (rr'hi-ch v¡iII be presented later) suggests that both methods gi-ve reasonable ,r,,:,j:,'':,,r'..,',.

. - _ 
t ,.. .

,;' estjmates of the true values. Therefore, from now on, all results will ..,..,.t.,i-,'.:., 
1' _'l;:: t ::": ':'

refer to volume changes in mlrlkg. of body neight in the gasùro-intestinal

tract, r,¡hich includes the stornach, small iniestine and large intestine plus

:r: colono
j..:t..:-_:1:...

-il't:' 
The mean r,reight of the i-leum i.n the pl-ethysmogragh of all six e>peri- :r'::r'::::ìì'r:-

ments was 35.5 ! 3,9 gm. The mean rveight of ùhe stomach, s¡nall intestine dnd.

I large intestine plus colon rr,âs 2ó.8! 2.3 gm., ?6.6 t 0.9 gm. and' 22.8 t I.z
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gni.respectively. Therefore, the total average $¡eight of the gastro-intestinaL

tract v¡as 126.3!t.g gm., or 55.1+! 2.3 gm/kg. of the anirnalrs rveight

which averaged 2.3 ! 0.1 kg.

The mean gastro-intestinaJ- volumê sho'i.¡ed a steady decrease from the star'ü

of the hemorrhage. The gastro-intestinal volume decreased O.J nrJ./kg. r+hen

2 trrJ./kg. of blood. lras re:rûoved and l.? nl/kg. rtrhelt I ml/kg. r,¡as removed.

(fig.8). To allovr assessment of ihe role of the gastro-i-ntestinal- tract
as a blood reservoir, ihe nean volume change is ex.oressed as (") a percentage

of'rthe mean blood voLume removed from the six animals, (b) a percentale

of the mean blood volume of the ariimal.'.and ,(c) a peicentaþe of the mean

gastro-intestinal volume (ta¡te 3).

It can be seen frorn figure B'that the gastro-intestinal tract mobilized

23|ß of the volume removed, when the hemorrhage r+as 2 l;l/Xg. When I nl/kg. uas

removed., the gastro-intestinal tract mobilized, 22/, of the volume renoved.

This volume change r¡hich is belÍeved to be due to nhole blood e>çulsion

from the gastro-j-ntestinal tract represents o.9d" and.3.3fi of the catrs

blood volune of 5? ,nI/Ug, whén the hemorrhage vas ? nL/kgr. and B nt/Xg. :

rebpectively. Sinc.e-ühe.gástro-intebtihal iract:contaj-ús 10É of the blood -.
volume of 52 rl/l;g. (tabl-e t)r..it contai¡s 5.? rnr/kg, of blood, Áfter á,

henomhage of 2 tt&/ug. (3.g% of the. total c.atts blood volume) and'8 rJ,/kg.

( $fi''bIood vqlune), o.5 nt/*g.'anû l.? r1/.g. had come from the gastro-

intestinal tract respectively. Thus, the gastro-intestinal tract content

v¡as reduced 8.9É ana 33.Ofr respectively.

.:,: ,:
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Splenic l.IeiEht Clranees in Resnonse to Hemorrhage

Figure 9 shows the experirnental record of one cat subjected to hemor-

rhage. The initial arüerial pressure,¿ias 125 nnHg. and the catrs weight vas

2.7 kg. The spleen di-d not respond irnmediately to hemorrhage ancì. very l-ittle
:.'t 

- ,- ,t:.-:,:.';;t.,;..,',:t',,:ì, change v¡as observed until 2.5 tI/ag. of blood had been removed. However, '-:'::::>.':

as the hemorrhage became greater, the spleen decreased rapi-d1y in size. The

blood pressure remained relatively constant in this e>çeriment.
.;.,... :t,t' The mean r.reight of the spleen was JO.I! t 0.99 gm. or 10.82 t 0.43 gn/kg. ,.,'jr,,',,,,,

'1 1_ :.. :

.,,, and the mean weight of the cats r.¡as 2.8 ! 0.12 kg. .,',,'..';.:;;:
- 

-. 
tt:,,: -:._,;,:

The mean splenic weight shor'¡ed a Ii-near decrease wiüh hemorrhage beyond

2.J n]../kg. (fig. 8). The splenic rveight remained. constant, w5-thout change

when 2 rú./kg. of blood 'r¡ras rerTroved. and then decreased I.J gn/kg. when

j I nf,/Xg" of nhole blood had been withdrarnm" In.order t,o assess the role of 
l

i the spleen as a blood reservoir, the "*" "'*1"u1atj-ons 
Ì{ere perfo:med. as

i I'Iere done on the gastro-intestinaL tract. The blood mobilized from the

spleen uas expressed as (") " percentage of the mean blood volume removed.,

, (b) a pereentage of the &ean total blood vohune of the aninal and (c) a
'': 

ì t I /' r I ^\ 
'_'ttt""''t'

.,,. percentage of the mean splenic volume (ta¡te 3). Ë,._::..ì,

., It can be seen from figure I that the spleen was observed to mobilize ,',',' '..'

0.0É of the volume removed when the hemorrhage rvas 2 mt/Lg. and 19É r.¡hen

the hemorrhage r^¡as I rr.I/Xg. This volu¡ne change lr,hich is believed to be due

, 
to lvhole blood e>çulsion from the spleen represents O"O$ and 3.0fi of the 

-¡,:::.,:¡¡

i catrs mean blood volume of 52.O n14.g. r+hen the hemorrhage consisted of 2 rù/kg. 
'"'':'ì'::':

and S m\/kg. respectj-vely. The spleen contains LZf" of the blood voh¡me of .

the cat (taUte 1) rvhich represent s 6.2 rnl/kg. of blood. After a hemorrhage



oî. 2 ù/ke. and I ù/Xe.
L. 5,.nù/kg. respectively.

25fi respectively.

-l+5'

t

of blood, the spleen mobilized 0.0 n\/kg. and

Thus, the splenic ccntent was reduced O.OÉ and

.:.:1
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RE$ULTS;(SECTToN 4)

Hgpatic Volunre Changes in R.esponse to- He¡rorrhage

Figure I0 shol¡s the experjment record of on*e cat subjected to hemorrhage.

The initial arterial pressure r'ras 124 rnrnllg., poital pressure r+as !.5 n¡rHg.

and the catrs rvei-ght t'as 2.ó kg. the liver responded immediately to hemor-

" rhage l¡hile the blood prescure and portal pressure remained^ relatively :1':ì::r'::

constaut up until the point u'here I rn-l/tg. of whole blood. had been removed

from the animal.

:iì The mean treight of the liver thaü vas wiùhin the plethysmograph was :,,,,',,';,,

::., 6?.0! Z.h.gr and the total mean weight of the Ii-ver r¡as 84.0 t 2.6 gn or ",,,.:.',':,
- : I ,,; 

.r 
.. .: 

.... 
..... .:

I 35J2t t.SO gn/kg. rt¡here the mean neight of the cats rqas z.4t 0.05 kg.

I The mean hepatic to]ume shorr'ed a l-inear d.ecrease during the hemorrháge ,

i (fig. I ). The liver vo}.¡me decreased. O.3 :r.rJ:/kg. l,,hen 2 rnl/kg. of blood v¡as

removed. and. r.? vL/kg. ,.rhen g rnl/kg. rn,es removed.. To aIlow assessnient of the

role of the liver as a blood reservoir, the same calculations t¡ere perfor¡ned.

as ïIere done u¡ith the gastro-intestinal tract and spleen. The blood rnobilized

from the liver was e>qpressed as (a) a percentage of the mean blood volume

removed, (b) a percentage of ühe mean total bl-ood volume of:.the anima-l- and.

..:,1 (c) a percentage of the mean hepatic volune (taUle 3).
...,:....

',:,, It can be seen from figure I that the lj.ver nobilized, L6% of the volume :..',:;"',,,:',

: . . .....4:,.. 
..: .. .:....

rrhage v¡as 2 mt/kg. tfhen S :rrf/tg. 1..,aç re¡:novedr the liver', rernoved r+hen the hemorrhage r¡as 2 mt/kg. tfhen S m1^

nrobilized 2Iß of the voh:¡re. removed.. This amount of the blood e>qpelled

from the l-iver represents 0.6$ and 3 .2% of the catrs blood vôùume of
' 52 nJ,/kg. r¡hen the hemorrhage was 2 où/lre. and I ml/kg. respectively,

Since the liver contains Lt+% of the blood volume of 52 rL/tg. (taUte l),
it contains 7.3 r,L/ke. of brood. After a hernorrhage of z nl/kg. aqd g mr/kg.,

''j_...':.'-.::"

:.-::j.. il-,.:tì-. l:



the liver e>çelled O.3 nl/kg.

the hepatic blood content rnas

;

and 1.7 n]-/kg. of blood respectively. Thus,

reduced la.l¡fi and 23y'" respecti-ve1y.
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SECTION 5

DTSCUS,SION OF TM SP],.q],TCHNTC V,ù.SCUTAR BED VOLUÞM

CHAI{GES DURING A SL0I\I NONHÏPOTEI,JS]]/E HÐtiOitBHAGE



DISCUSSION ('.SECTION 2, 3 & 4)

General

Two questÍons noru arise: (r) is the decrease in the spr¿nchnic vascurar

bed,volume due solely to a blood loss or could. there be also some tissue
fluid reabsorption end (2) v¡hat is the mechanÍsm of e:çulsion of this blood

from the splanchnic vascular bed.?

l'{hoie Blood v.s. Tissue F1uid Reabsorptj_on

Ïn the splanchnic vascular bed, reabsorption of tissue f1uÍd r.¡ould be

e:qpected to be smaIl, because the rnean porüal pressure did not d.ecrease more

than l.J mmHg. (8.6 - ?.3 n'snHg.) (taure 2). such a smarl change l¡oul-d result
in insignificant net fluid. movements.

This assumption tends. to be confirmed in the gastro-intestinal tracb
by the r,r'orks of .Iohnson and. Hanson (fçe O) and. i,,Iallentin (1966). Therefore,

with these facts and v¿ith the r,¡ork of Fo1lcor,, et aI. (1964) r,¡ho showed t,hat

there T¡as no evidence of tissue fluid reabsorption und.er the conditions o.f

a rrrell maintaíned constrictíon of the capacitance vessels, it is suggested

that the volume change in the gastro-intestinal tract observed in these

e:<perJments are due entirely to mobilization of whole blood.

Similar1y, the volume raobilized fro¡n the spleen and. liver during hemor-

rhage is probably whole blood and since the spleen is_a storage site for
red blood ceIIs, the blood mobilized from the spleen would have a higher
hematocrit than the bl-ood e>pelled from the liver and gastro-intestinal
tract. This assumption is confirmed. in the spleen by Greenrnay, Larvson and

Stark (fgOg), viro showed. that during stimulation of the synpathetÍc nerves

there hras no reabsorption of tissue fluj-d. rn the liver, no evj-dence
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of reabsorption of e>ctraceLlrrlar fluid was obtained previ-ously during stimu-

laüion of the sympathetic nerves (Greenway et a1. , Lg6g), during reduetion

ín hepatic venous pressure (Greenway and Lautt, 1970) or durÍng infusions of
a variety of vaso-active drugs (Sreenway and Lautt, l97Z).

$echansÍm of Þfobjl-ization

1izationofb1ood'fromthesplanchnicvascu1ar

bed could be due to active constriction of the capacitance vessels and/or

to passj-ve collapse due to d.ecreased transmural pressure. In the case of the

spleen, the nobj-lization of splenic blood. could be d.ue to active constriction
and/or passive collapse of the splenic capsule and. trabeculae instead of
its capacitance vesseL.s (see introdu'ction).

Passive Collapsg. The changes i-n arterial pressure, lJ nunHg. (I2I - 1Og

mmHg.) and porta] pressure, !,j rønHg. (g.6 - f.J nrnHg.) recorded in ühese

e>qperi.nents (tabIe 2 and fig. ó) r,rere ¡rinj¡ral and therefore the passive

consequences of these changes l'rouLd appear to be at the most a smatl part

of the observed responses. trt has been previously shovm that duri¡g vaso-

pressin infusion, marked spleni-c and. intestinal vasoconstriction r,.,ith a

eonsequent reduction in portal fl-ow did not alter hepatic or splenic.vol-ume

(greenr'ray and. Lautt, I972i Greenrrray, Lar¡son and Stark, Lg68, respectir¡e1y)

and changes j-n spleni-c flor,¡ due to partial occlusion of the splenie arte¡Xr

also did not alter splenic lveight (Greenway, Lavrson and Stark, l9óB). Haglund

and Lundgren (t9?e) observed no sÍgnifÍcant intestinal blood vol-ume changes

in the denervated snal-I intestine uhen the arterial infL.olr pressure was }oruer.-

ed to 50 - 55 mmHg. Therefore, it appears that the rnajor factor controlling
nobj-lizatÍon of blood from the splanchnic vascular bed du-ring slo1v, rio¡.-
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:

hypotensive hemorrhages is an active constriction of the capacitance vessels

or capsule and trabeculae through some efferent pathway.

Hunoral Factors_. .A,lthough the lorr pressure receptors in the aürium

have been shor'¡n to release våsopressin and cause the production of angiotensin. : :: .: ..:
t:,.;:.: ,.

"l' (see introduction), endogenous rates of vasopressin secretion and. angiotensin :'::'r:'

productj-on seem unJ.Íkel.y to produce significant capacitance responses in

the splanchnic vascular bed.. Exlperjments by Greemay and Stark (1969) shor,;ed.,
:..:._:....:

,::, that after denervation and adrenalectomy, the splenic volume did not change ,',:,:},:ir:",'

., ,., in respcnse to hemorrhage. Tlrus, it seems reasonable to conclude thaù the ,;:.::.',

.:...: ,:',::'. ,.

vaso-active oeptides, vasopressin and angÍ-otensj-n, did not affect splenic

lv¡eighttoanysignificantdegree.ThiswasconfirmedbyGreenr.rayand"Stark

' (19?O) by intravenous infusj-on of angiotensin and vasopressin. Similarly, 
,

i Greenway and. Lautt (tgZZ), shoued that endogenous rates of secretions of l

ivasopressinandtheproductionofangiotensi.nappearun1ike1ytoproduce

i significant hepatie blood volume response for only very large doses produce

minor capacit¿nce responses;

Slor'r, nonhypotensive hemorrhage of this type r^rere shor¿n by Rego1i and
:..

'.t,'', Vane (fg6¿) not to release catechola¡nines from the adrerral medulla. fherefore, r',-:',:,,.r,,

'1,', secretions from the ad.renal meduJ-l a appear unì.ikely to cause the capacitance .,,',.',:' ,

::::r::r:::r.l:.

.; rêsponÞe observed 'in the splanchnic vascul-ar bed.

From this _data, it seems reasonable to conclude that hunoral factors do

ì not cause any significant capaci-tance response in the splanchnic vascul-ar :..r....
:-- : 

.:,:...r:,:: ..i'"' bed r.r'hen cets rr'ere subjected. to a slow, nonh¡¡potensive hemorrhage. Therefore,, ::: 1

the effereri patir*ay for such an observed response appears to be mediated

through sympathetic nerve sti¡ruJ.ation r¡hich j-s well knor.m to produce a large
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:a in *ha h1 narr 

.'t""'" t;'
decrease in the blood content of the splanchnj-c organs (tatte t).

the absolute splenie weight curve and the absoluüe hepatic volume curve (fig. S)

obtatned during hemorrhage compare, v¡i-th a sympathetic nerve frequency response

""' cul\re for ùhe intestine (folkow et al. ,I96h), spleen (Greenr.ray, Lan¡soR, and. ,',.'l'.'l

Sta¡k, 196S) and. liver (Greenvray¡ Stark and Lautt, 1969). The afferent path-

r'ray involved in the stj¡rulation of the syrnpathetic nerrres to_ produce the

,,:': 
observed splanchnic capacitatrce response could be due to activation of high ,.1.,:

,1,,,,, 
pressure baroreceptors and/or to low pressure receptors located in the central .¡..,,'.::::.:

'1, venousr atrial and pulmonary compartments. Due to minimal- changes in arteriatr 
:'."]''":'

]preSsure(tab1e2,fig.6),itisun1ike1ythatarteria1highpressurebaro-

I receptors are the afferent pathway invol-ved..

i Uol'¡everr it, is possible that these lorv pressure receptors r,¡ere affec.bed
;

by hemorrhage. These receþtors have been siror,¡n to norma-lly alter their firi_ng

I rate during hemomhage (Gupta, Henry, Sinclair and von Bar:nrgarten, 1966)

'âDdtheyareknov¡ntoeauseotherresponSestohemorrhagesuchastachy-
cardia aiìd arteriolar vasoconstriction (ÞeIletÍer, et aI. t Lg?I; pai-nta1,

:.: .. ... .:.,,'.,,t, r973i Gilmore and' zucker, r97t+). Therefore, inhibition of these reeeptors i,:.,,,r-,.....,;

t,',, could be responsible for increased activation of the synpathetic nerves to ,,..,.,.,,..
,.i_r.. ,....,j . .

the iapacitance vessets of the splanchnic vascular bed.

SummarTr. Thus, the available evidence suggests, as a r¡,,orking lrypot,hesis,

i that ¡iobilizatj-on of splanchnic blood during hemorrhage is by a synpathetic
'..1'..Ì .. .t.Ì'

. r''r't. lil. :'.:1.-.' reflex from lorv pressure recepüors, such as those located j-n the atrium ;:: :'r':':'

of the heart.
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sEcTro¡¡ 6

Blood Pressu-re and Portal Pressure Resoonse

to a Slorv infusion of Fresh iihole B1ood
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. RESUI,TS (sECrroN 6)

Bloo.d Pressrrre Response to lnlhole Blood Infuslon

Arterial blood pressure was measured in a1l eighteen cats subjected to

an infusion of r¡hole b],ood. The effects cf these i.nfusions on erterial
pressure r.¡as not significantly differenf between the three groups of cats

involveds group I, r,rhere the gastro-intestinal voh:me r^ras measured; group

2, where the splenl" çsight l,,'as measured and group J, r'ihere the hepatic

volume was measured (table 4 ).
The mean cont:'ol arterial pressure itaslg.$t J.J mmHg. and this pres-

sure increased steadily to 114.2 t B.f rumHg. after 18 n\/kg. of blood had

been infused (fig.ft). This voJ-ume represents an;;,increase of 35fr ín ttre
catf s total blood volume (mea¡r bIood, volume 52 nI/U.g.¡ sê€ section I).
Portal Pressure Resp.onsg to l'Iho1e Blood fnfusion

Portal pressure response to infusion lras measured in seventeen out

of.the eighteen cats involved in these experiments. The effects of these

infusions on porüa1 pressure r+ere not significantly <iifferent betr¡een the'

three groups of cats in r,¡hich t,he measure¡:¡ents r,¡ere taken (table 4 ).
The rnean porùa1 pressure d.uri-ng the control period was 7.9 t 0.6 rnmgg.

îhis increased to 8.9 t O.f mnHg. rshen 9.0 nl/kg. of rrrhole blood had.been

infused and to 10.6 t 0.8 nnHg. when 18'ml/kg. had. been infused.
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SECTION 7

Gasüro¿Tntestinal Blood Vo1ume Response

to a SIow Infusion of Fresh l[ho1e Blood
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RESULTS & DTscussroN (ssctrox ?)

Gasùro-fntestinal Volume ChanAes in Response to Infusion

Figure I 2 shows the experimental record, of one eat subJected to v¡hole

blood infusion. The iniüial arterial pressure Ï.'as 1lO nnHg., porLa} pres-

sure,*aó 11.J uunHg. air¿ tte cat.l;s-;weight r.;as 2.J kg. The if.eura responded.

j¡tnediately to the infusion of rvhole. blood. The arterial. and portal pressures

also j-ncreased frorn tire beginníng of the infusion.

The resultant volume chanles that were recorded in a smal1 pi-ece of

the ileun v¡ere exbrapolated on a rrreight b¿sis to the whole gastro-intestÍnal

tract sirnilar to that v¡hich r,¡as d.one in the hemo.rrhage e>çeriments. There-

fore, from novr on, all results v¡ilI be in terms of the gastro-intestinal

trac! as described under the results of the intestinal hemorrhage experiments.

The mean weight of the ileum in the plethysmograph was J0.8 t 1.5 gn.

The mean ueight of the stomach, snall intestine and large intestine plus

colon Ì,;ere 23.79 ! 2.5L, 71u.66! 3.56 and. 20.92! 1.63 grr., respectively.

therefore, the total average r.r'eight of the gastro-intestinal tract r,¡as

LLg.36 t 6.08 gm. or 58.82! 3.23 gL/kg. of the ani:ralrs r,reight rvhich aver-

age 2.10 t 0.12 kg. i

ltre m,ean gastro-in-bestjn¿1 tra'ct sho¡ved a steady increase in vo}¡ne from

ühe start of the infusi-on of rrhole bl-ood (fig.ú). The gastro-intestj-naI

volume increased by 0.?9 utl-/Ug", L"7 n¿/trg. t 3.2, nL/lrg.t l+.7 r¡/Xg. and

6.2 nt/Xg. when the a¡rount of fresh r,¡hole blood infused rvas 2.J rnl,/kg.,

I+.5 rù/kg. , 7.9 nL/kg., LZ rnt/kg. and. 1S ml-/kg. respectj-vely. As with

the hemorrhage experi:nents, the results are exlpressed. as (u) a percentage

of the mean blood volume infused int,o the six cats,'(b) as a percentage of

the nean total blood volume of ühe six ¿¡rimats and (c) as a percentage of
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the mean gestre-intestinal voh:me, so that t,he ability of the gasùro-intestinat

tract to functj.on as a blood coLlecting reservoir could be assessea (tabte 5).

It can be seen frorn figure 13 that t,he gastro-i-ntestinal tract can

pooL 35.AÉ, 39.Q%.t 3V.o5, 39.0i6 and 3l+.0É nhen the volume of r¡hole blood

infused ¡¡as 2.3 oL/kg. , 4.5 nL/kg. , 7.9 rnl/kg, : LZ *I4.g. and. IB

nI/Ug. respectively. This volume change r,¡hich is believed to be due to

whole blood e>çansion of the gasùro-intestinal tract represents I.5

3.4fi, 6.L fl, 9¿l- F and 12.0 fr of the qþ,tts normal blood volune of SZ rr&/Ug.

when the infusion rn¡as 2.J nI/kg., t+.5 vL/kg. , ?.9 rù/kg., IZ tttl/kg.

and 18 n]'/kg. respectively. Since the gastro-j-ntestinal tract contains l0É

of the blood volume of 5Z nl/kg. (table l), it contains 5.2n]./kg. of blood.

/rfter an inf\rsion of 2.3 ú/.kg., I+.5 ù/kg., 7.g nù/kg. , lZ nL/kg,

and I8 nl/kg. the gastro-intestinal tract increased in voh.me by O. ?9 vy/1¡.g.,

!.7' rù/ug., 3.2 ù/xg. t h.'1. ù/kg. and ó. 2 vú/kg. respectively. Thus,

the gastro-intestinal tract content rnras increased by r5.o Fr 3i.o'ß, 6r.e fi,
i

9]-.O fi and 119.0 Í respecLively..-

Discussion of ùhe Gastro-Inte,stina1 Tract Vofune Changes

the gastro-intestinal tract volrrme e>çansion cuxve e>qpressed. as a

percentage of blood infu.sed (fig.13) shor,¡s that a maxi¡rum percentage in-
crease in capacitance response occurs r+hen the vol-ume of blood infused.

r+as betrn¡een uero and 2.) ,r,1/.g. The nraximrim capacitance response h¡as then

maintained at a steady pereentage r+ith a tendency to drop afüer lZ ml/kg,
had been infused. This drop rvould seem to indicate that the gastro-intestinal

tract had reached its linit to functi-on es an organ capable of pooling

excess brood and tliat l-iait is about 40F of' the infused blood.
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SECTIOII 8

Splenic Blood Volume Response

Sloru Infusion of Flesh irihole Blood
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,,,, BESULT' & DrscussroN (snctro¡r g) 
,:..,.:ìr,.i,,.

Splenlc lfeieht ,Chanees in Response to Inf\rsÍon : '

Figure 1l¡ shovrs the e>çerimental record of one cat subjected to rr'hole

blood infusion. The initial arterial pressure was 110 mmHg., portal pressure

?rasr8.5 mmHg. and the'catls weight r.¡as 2.1+ kg. The arterial and. portal
.,t.i:..:-'. , r'..'..r'.ri.: pressures responded i-nrnediately to the infusion and very little change t{as ::.r'.j'r:

observed in splenÍc weight until t4.J nl'/kg. of blood had been inftrsed,

The nean r+eight of the spleens of the six cats in these experiments

'.1',1,j, was 2l¡.OI !-z.ztr gm. or 10.1+4 ! o.66 gn/kg. r,¡here the mean rn,eight of the .''.,¡-,.,.

I

,i, cats was 2'3 : 0"1J kg' 
..;.,...t

of whole blood r¡as between d. 5 rl.J./kg. and 12 *J-/tg. After 12 nJ./kg. of

rl ood was infused, the splenic r+eight curve e:pressed as gm/kg. becomes

if1attened.showångamarimu¡ocapacitanceresponse(fig.13).

The mean splenic weighü increased zero gn/kg., O.O! gn/kg. , O.jT gm/kg. , :

O.8J gn/kg. and O. 95 gn/kg, r.¡hen the volume of blood infused was 2.3 ,rù/Ag.,

h.5 n]./Xg. , 7.g ,rù/Xe. , IZ nL/kg, and 18 vú./Xe. respectj-vely. Inorder to

assess the role of thei spleen as a reservoir for.exbrablood ínfused, the

'a:, same calculations were performed as were done t¡ith the gastro-intestinal tract .t,1,.,',,,.

,,,.' j.nfusion e>qperirnents. The blood pooled in the spleen uas e>qpressed as (a) a .',.'.
';': 

:tt t 

";percentage of the mean blood volume removed, (b) as a percenta.ge of the mean 
:ì '

t,ot"J blood volume and (c) as a percentage of the rneaï1, splenic volume (taULe'$).

ì.:'. i:'. ..'. :.:
, : -::-.,i:...-:.

": 4"6%, ?.0Í and 5"3fr of the vol¡me infused when the infusion v.,as 2.j nl/kg., i:jr'.i::.:":

l+"5 nt/kg., '1.9 nù/kg., 12 n¿/kg. and 1S ml/kg. respectively. This

volume v¡hich is believed to be due to vshole blood expansion of the spleen
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represents zero-fit':O.l:)f,r.O.|Lf,t 1.6É and I.8l of the catts normal blood

volume oî 52.0 ml/kg. r¡hen the infusions Ï.,ere 2.3 rnl/kg., l+.5 ,tL/Ug., '1.9

*/kg., L2 ,ù/Ug. and 18 rn-\/kg. respectively. Since the spleen contains

tZfi of the blood volume of the cat (taUte 1) r+hich represent s 6.2 rnl/kg. of

blood. After an infusion of 2.J ntl/kg. , l+.5 n:-/kg ?,J trtJ-/kg. , 12 Ínl/k$.

and 1S. t14og. the spleen increased. by zero gnfkg., O.()J gm/kg. t O.37

grL/kg.,0.85 gî/kg. and.0.95 gr/k.g. respectively. Thus, the spleen content

was increased by zero $, O.1Lfo, 6.Qf,, J,h.oß'ând 15.01 respectively.

Discussion of the Srcleníc Volume Chg4ges

The splenic weighü expansion curve e>qpressed as a percentage of blood

infused. (fig. f3) shor.rs that the spleen did not react imrnediately to the

volume load. 0n the avera.ge, the spleen increased in volume in a linear

relationship between the infused volumes of 4. 5 nl/kg. and I2.O tnl/t g.

after rn'hich a narimum was reached and at 'r,hat point the curve flattens and

becomes stable indicating that a nari¡r¡m capacitance response has been

reached.. Such a maximum capacitance rêsponse to a volume load Índieates
:

that the spleen is now increasj-ng its volume at a constant proportion r"¡ith

ùhe amount infused. This valu.e, v¡hen expressed as the percentage of the

infused blood. stored by the spleen ís 6%.'I,Ihen this va-1.ue, 6fi, is compared

to the percentage that the spleen can mobj-tize d.uring hemorrhaBet L9{æ, it

can be Seen that the spleen r.ras much less able to pool blood than to mobilize

it.
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SEoTTON 9'

Hepatic Blood Vo1ume Response

to a Slor¡ Tnfusion of Fresh i.iiho].e
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Figure 15 shor'r¡s the eperimental record of one cat subJected io whole
blood infusion. The initial arteriar pressure Ì"ras B0 mmHg., portal pressure
l¡as 9'5 r¡nllg. and öhe cal,rs rreight was 2.4 kg. The hepafic vol-ume responded.
inmrediat'ely io the infusi-on of r.¡hole blood. The arterial and porüar pressure
also increased fro¡n ùhe beginning of the infúsion.

The mean rieight of the liver in the plethysmograph was ?0.93! h.3S
gm. The mean r+eight of the ùotaI liver rças g6.OL! 5.2g g, ar 1¡5.69 ! Z.iJ3

BTn/kg, of the animer-rs ,.neight r.¡hich ar.eraged. 2.r+ ! o.0z kg,
The mêan hepati'c volume showed a sieady increase from the starb.of the

infusion (rig. 13). The hepat,ic vorr¡ie increased. 0.36 rù/kg., o. ?5 rnr/kg.,
a-5' ,rl/l<g., 2.6 r,l/kg. and 4.0 o¿/te. r,¡hen ùhe vcrr¡me of fresh r+hole

bl-ood infused was 2.3 où/lrg., l+.5 nl/kg. , ?.9 , rù/Xg., Lp ril/kg"
and l-8 ttl/ts. respectively. Ågai-n, the results are expressed. as (") 

" per-
centage of the mean blood vorur,re infused, (b) as a percentage of the meen

total bloocl volume and (c) as a percentage of the mean hepatic vorume, in-
order'r'haf ühe reserve pooling cs.pacity of the liver may be assessed.o(talte 5).

From figure IJ , it can be sho'.nr: t,haù the river can pool ró.p 1[; L1"o fi,
I9'o:Á, 2l'0 fi and' 22.0-fi of the vol-ume infused r.;hen the infusion was 2.3.
toL/ke" a 4'5 rL/xe-, 7.9 rù/kg., Lz rù/ue. an¿ rB nt/kg. respectÍvery.
The r¡ol-r:¡ne change r'¡hich is believed to be due to l.¡hole blood expansion of
the liver represents o.69fr, r.L fl, 2.9 frt 5.0Í and 7.7 fr of tlie catrs nornral
blood vol-ume of 52 nl/ks- r','hen the infusion ',.ias 2. J nt/ug. , h.5 tù/kg. ,
7'9 'nt/kg', 12 nl.kg. and 1S nl/kg" respectively. Since the liver
contains rl+7í of the blood voh¡me on 52 rt/.g. (taute t), it contains ?.3
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sù/ug. of blood. After an infusion of 2.3 uil/kg., t+.5 rÃ-/ke., 7.9 ril/kg.,

L2 rnJ-/kg. and 18 . où/kg. the hepatic voh:me increased by 0.36 nl/kg.,

O.75 nl/kg.¡ 1.5 ù/kg., 2.6 otr/kg. and 4.0 ù/Ue. respectively. Thus, the

hepatic volume content r+as increased l+,9fl, !O.O%r 21,.O'Ã, 36.Ofi and, 55.Ofr
:t.::..:,:.:

J 1':.::.respectively.

Dj-scussiou_ o:l_L.he Hepatic Voh:me Changes

The hepatic vo'¡me erçansion eurve expressed as a: percentage of the 
,,,,,.,i..

blood j.nfused. (fig. 13) shor¡s that the maxÍmum rate of pooling blood occurs .;1,,',,',:..,

when the volrrme of blood infused. l'¡as betrr¡een zero and. 2.3 ñ/Ug. This se¡re ,.;.:..',
:.:, :r . .r.,.:

response r¡as also seen i-n the g,astro-intestinal tract. Hor.¡ever, from this

poin$ onwards, the response in the liver r,¡as different from that observed

in the gastro-intesti-nal tract" The hepatic resÐonse did not leveJ- out and

become stable but continued. io increase in a linear menner at a slor+er rate

than that rçhich occurred between zero and Z.J nl-/l<g. of the infusion. 
l
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DISCUSSIoN (SECIÏON ?, 8,& g)

General

The changes in the volume of the gastro-i-ntestj-na1 tract, spleen and

liver ÏIere measured and they r_epresent the total fluid pooled in each organ.

As with the henorrhage e>eperiments, the same two qrrestions arise: (1) is the

volume increase in Lhese organs of the splanchnÍc va.scular bed due sôlely to

an increase in blood pooling in the capacita.nce vessels-or Cou-ld there also

be some transcapillary ftuid movement to cause an increase in the organts

interstiüial fluid volume and/or infiltrai;j-on of this interstitial fluid
into the plebhysmograph and (2) r+hat is the mechanism of pooling of this
blood into ihe splanchnic vascular bed?

l{hole Blood v"_s. Tissug Fluid Filtrat_ion

Gastro-Intestinal Tract. In the gastro-inbestinal tract, net transcapil-

lary fluid movements wcul-d be e>c-nected to occur duri-ng infusions r.¡here the

portal pressure is incre¿sed.'ttritte et aI. (1969)" Hor,iever, the mean portal

pressure changes did not increase more than 2.1 mnHg. (8.7 to 10.8 rrmHg.)

(taUte 4), such minor changes rr,oul.<i only rnini¡ral-Iy increase capillary pres-

sure resulting in j-nsignificant net fluid movements.(Johnson and Hanson, 1966¡

I'tra 'r enlin , L966; tlit'be et al. , ].,969). This then suggests that the increase

in vol-ume of the gastro-intestinal tract is due mainly to r,rhole blood pooting

into the organrs iapacitance vessels.

ÞÉet?!' Greenuay, Lar+son and Stark (196S) showed that elevations of the

venous pressure prociuce an increase in splenic volume rnith no evidence of
net transcapillary flLuid movements" Therefore, from this result and from

the data obtained from the e>qperi:nents described in this thesis rvhere the
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portal pressure did not increase more than l.J urmHg. . (6.? to B.O mmHg.)

(taule 4),and v¡here the splenic weight curve (fig. 13) shov¡ed. a maximum

responset it can be eoncluded. that the splenÍc vo¡¡me increase observed

is due to pooring of brood inùo the organrs capacitance vessels.
It is generally agreed that the spleen constitutes a storage system

for' high he¡natocrit blood. Thereforee the increase in splenic weight that
occurs is probably due to an increase in blood celIs more than l¡hore b1ood.
This ability of the spleen to concentrate brood cerls may be the reason
why the spleen did not react j¡mrediately to the infusion. Another reason
rvhy the spleen did not react imnedj.ately may be because the mechanism of
splenic constriction and. relaxation is throu.gh the smooth muscles of t,he .

capsule and trabeculae and not the splenic capacitance vessels (see intro-
duction) and therefore the smooth muscle of the capsule and trabeculae nay
react' slov¡er t'han that found i-n capacj-tance vessels. Hor+ever, r¡hat, ever
the cause, the resul-t obtained. ì s in agreernent rrrith ühe observatj_ons of
Greenrvay, Lawson ar¡d stark (rgog) r,¡ho observed that splenic r.reight recovered.
sloi';er than flon when syrnpathet,ic nerve sti¡¿ulation ceased.
' Liver. Ïn the liverr ñ€t transcapillary fruid movennents r¡ould. be e>çected

to occur during the infusÍon. Greenr.ray ánd r,autt, (rgzo), by erevating the
venous pressure by 7 ¡nnHg., found, that this caused. the hepatic volurne to i-ncrease
rapidly at first and by 5 - zo mi-nutes the hepatic volume increase continued
at a const,ant but rorr,er rate. By the use of 51c" - tagged red blood cells,
it rt'as possible to conclucle thet the slor^¡er steady rate of vol¡me increase
represenüed fifi;ration of int,erst,j-tial fluÍd j.nto the hepatic plethysmograph.
rn this seù of e:perimenls, central venous pressure r,¡as not measure¿ but
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since it is knorrn that the portal pressure increased i.l ,*Hg., from B.l¡
to lI.f mmHg- (taute 4), then thÍs increase in porüal pressure must refrect
er¡ i-ncrease in central venous pressure similar to that observed by Greenr+ay

and Lautt (19?0). Therefore, from the above inforrnatíon, it seems reasonable
to assume that the ma-:rimt¡n capaciüance response, where the liver is increasing
its volu¡ne at a constant proporti.on r,.¡ith the amount infused, is reached in
the hepatic bed and i-s due to the pooring of blood in the hepatic capacitance
vessel-s. the further increase in volume r¡hi-ch is observed. (fig. IJ) rnay be

due to a net transcapi-llary fluid novenent into the hepatic interstitial
fluid and filtration into the prethysmograph. Thus, vrhen Is ml/kg. of r*ho1e

blood was infused, the 1iver appeared to have pooled 22.ofi of the infused
blood' However, since filtraticn is oecurring at a rate of 0.06 uú,/nín/nrn¡g,/
100 gm U-ve:' (Greenrvay and Lautt , l97o), this value of ZZ.0$ cculd be an

overestimate of abo.ut- 25fr. Therefore, the acüual percentage of blood that
is pooled' in the hepatic capacitance vessels would be betryeen Ió to a7g of
the blood infused.

Mechanism of pooU.ng

The nechanism of pooling of r;hole blood. into the; splanchnic vascular
bed could be d'ue to acüj-ve dilation of the capacitance vessels and/or to
passive d'ilation due to an increased trensmural p.uuru.". ïn the case of the
spleen, the pooling of splenic blood ,¡rould be d.ue to active dilation and/or
passive dÍstension of the spleni-c capsule and trabeculae instead of íts
capacit;rnce vessels (see introductÍon).

Passiv-e Dil-ation. fn the normal, normovolaemic resting animal, there
appears to be some basal synpathetic tone on the capacitance vessels as

'' ¡.-.'
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a

shotm by the redistribution of blood volume from the pulmonary to the systemic

vascular bed after aclministration of an adrenergic alpha-recepLor blocking

agent (lüickerson, 1970). This is increased j-n anjmals anaesthetized and

subJected to surgery (chien, 196?). Thus, a part of the pooling during

i-nfusions could j-nvolve inhibition of tonic s¡rmpathetic activity to the

capaciüance vessels. The change in arterial pressure was large, 28./¡ mmgg.

(Jl5"8 to 144.2 rmHg.), while the portal pressure change.,rvas sma1l,.p.f nunHg.

(?.9 to 10.6 nmHg.) (taure 4) and. the pressure in the inferior vena cava

rvas not measured. Thus, the role of passive distensÍon is difficult to
assess fro¡n this investigation and further e:çeriments are required..

Acl,ive Dilation. The mechanism of active dilatj-onr of the sp¡-anchnic

capacitance vessels or capsule lrnd. trabeculae is probably d.u.e to the in-
híbition of the basal sympathetic tone that is postr:lated to be present rather
than to a stj¡ulation of arqy cholinergic vasodilator fibre activity i-n r,'hich

there is no evidence of or to a decrease in vasopressin, angiotensin or
adrenal me<lulla catecholanines levels r^rhich have previously been shown to
cause no significant splanehnic capacitance response.

The change ìn arterial pressure !¿as large, e mean d.j-fference of . zB.h

¡¡:nHg. This increase in arterial pressure could stimulate the high pressure

beroreceptors to cau.se a reflex d.ecrease in sympathetic nerve traffic to
the sple-nchnic capacitance vessels causing thenr to relax and therefore ¿ilate
as the transmural pressure increases ir'ith infusion. Horr.ever, the high pres-
sure baroreceptors seem to have mi-nimaL effects on ühe splanehnic capacitance

bed (see introd.uction). Also, the increase in arterial pressure (fis. IL)
r'¡as not linear as was the increase in the absolute volume of the splanchnic
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"- ".
organs (fig. l3). ThÍs suggests that the high pressure baroreceptors

probably played onJ.y a minor role 1n this reflex.

, Another mechanism by which the above reflex could òe inrtiated is

through 1ow pressure receptors locaüed in the cenüral venousr atrial and 
:.:,.:,

puJ.monary compartments. Since central venous pressure uas not rneasured, iU :r'ir'

can onJ.y be postulated that ínfirsion of fresh rvhole blood ínto the inferior

vena cava r,,,ouId increase the central venous pressure. This increased venous
,'.,1,t 

t.

pressure could stimuJ.ate these lol pressure receptors ru'hich can cause vaso- ,.,',

dilation of the capacitance vessels (Oberg and. Thorent 1973) via inhibition ,.,,,:'1,

of adrenergic vasoconstrictor fibre.activity. ff the central venou.s pressure

had been monitored, it, nay have shor^m a linear increase similar t,o the . - :

spJ.anchnic organ vol-une j-ncrease. Such a linear increase r+ould. fa'¡or the 1olç ,

presSurereceptors¿s.i;hemajorafferentpathr.layinvo1ved.

grrmrnary. The::efore, the available evidence suggests, as a rvorking

hypothesis, that pooling of whole b] ocd into the splanchnic vascular bed

during infusion is probably due to an inhj-bi-tion of basaL s¡nnpathetic tone :

to the capacitance vessels cau.sing then to relax and therefore distend as 
¡,,,,:j,

a result of increased transmural pressure due to the infusion.. :.,.:,,
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SECTTON 11

Toüal Splanchnic Volume Changes
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DrscussloN (sEcTrON 11)

The sr¡m of the volume changes in the three organs represents essentially

the total splanchnÍc volume changes. These changes during both hemorrhage

and infusj-ons are shoi'm in figure 16. It can be seen that the splanchnÍc

bed is able to rnobilize or pool 50 - 70 fl of the volume of blood removed or
'

infused respectively. Wfth small hemorrhages up to 2 rnJ,/kg. (/+Ø blood voh:me),

the gastro-intestinal tract contributes 23%, the spleen a negli-gible pro-

portion of the volume renoved, and the lÍver 16Ø. lVhen these. small volumes

are reüÌovedr the sne.ll but readily nrobilizable reservoirs are presumably

most important, for example, the large vei-ns (Kerr and Kirklin, r9?0).

t'Iith hemorrhages of I rnl/kg, (f5S Ufood volume), the splanchnic bed is

clearly an important blood reservoir' ¡nobi.lizi ng 62fi of the removed volurne

in r,'hich 22îi', Lgfi and, 2Ufr cones from the gastro-intestina-l tract, spl-een

and liver respectívely. Another L5l, of the removed blood comes from the

lungs (ÞíagilÍgan, Oleksyn, Schwartz and Tu, 1922). The remaining 2Jfi of the

blood is mobilized from other reservoirs (taUle 1) and of,these, skeletal'

muscle appears to be of major importance (Lundgren, Lundr+aJ.I and. I,Îellander,

rg6t+) o

This data i-s in reasonable agreement r'¡ith the da.ta of Brooksby an$ Donald

(fgZf), r*hose r,¡ork r¡as published during the course of this investigation.

Their data were obtained in dogs anaesthetj-zed v¡ith chloralose and by sum-

maüion of the excess of outflor^¡ over inflow to the splanchnic area. After

a hemorrhage of 7.2 n].,/kg. over 2 minutes, their average decrease in arterial
pressure r+as l0 rn:nHg. as opposed t,o 13 mtHg" in these ex¡periments, and 5t+.Ã

of the volu¡ie removed. was mobilized. from the splanchnic bed. as opposed to

6Zf, in nl.ï elqperiments. This difference may be Cue to the slor,,-er rate of
hemorrhage used in the e><neriment,s of this thesi_s.
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The naJor factor causing a decrease in splanchnic blood content durÍng

hemorrhage has been coneluded io be a vesoconstrj-ction of the capacitance

vessels (see results, secüion 2r 3 & t+), Brooksby and Donald (L972) favored.

a more important role for passive collapse Ín their e>çeriments but the

design of their e>qperiments favored passive responses, In their e:çerimentst

the I8 second periods of nerve sti¡nulation r,r'hich they used r¡ill- markedly

overesti¡nate the passive component since the flow responser and hence the

passi-ve component, is essentially complete rçithin this time r¡hile the active

capacitance response takes several minutes to become maxi¡aI (Mellander,

1960 and Greenway¡ Stark and Lautt, J969). The obvious approach of

repeatÍng the hernorrhage after section of the splanchnic nerves is also

full of pit faIIs. As Br<¡oksby and Donald (tglZ) shor.¡ed and experjments

by Greenway and Lister (unpublished observations) confirmed, efter splanchnic

nerve secti on a given hemomhage causes a much more marked arteria-l and

portal hypotension and the passive component of the response to hernoruhage

is increased and overestjmated. Thi-s increased hypotension is itself strong

evidence that the splanchnic nerves normally ceuse important active capacitance

responses after hemorhage sinee their removal does not narkedly affect

flow responses after hemorrhage in cats (ttclfeit et aJ.. , L97O; Greenr^ray and

Stark, 19?1). In skeletal muscle, the situation rnay be rather ciifferent

and. passive collapse secondary to flow reduction may be more i-r^rportant

(Lesh and Rothe, 1969) c

As previ-ously d.escribed, humoral factors causing contractj-on of the

sptanchn5-c ca.paeitance vessels are also unlikely to be of ntaJor importance"

Thus it seems reasonable to conclude that the predominant pathr+ay causing

constriction c¡f the splanchnic capa.citance vessels j-s that of the sympathetic
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nerves' the afferent pathv,'ays which cause activatj-on of these nerves in

, response to hemorrhage are unlikely to be from arteri¿ù baroreceptols.

Arterial pressìrre did not change markedly and although there may have been
:

changes in pulse presisurer these baroreceptors, ruhj-eh have been previously
: : . ,,',r'

";.l discussed,, d.o not cause marked response in capacitance vessels (Hainsworth, '.'j,','

Karim a¡ld st,okev, lg7j; Lautt and Greenvay, !)lz; pelletier, Edis and.

Shepherd, 1-97J-). .{tria} lolr pressure receptors may be .of greater importance.

These receptors, nhich have been previ-ously discussed., have been shorr'n to '.-,.,

markedly alter their fJ-ring ra.te duríng hemorrhage (Gupta, Henry, Sinciair 
i,:,.,,

and von Baurngarten, a966) and they are known to cause other responses to
hemorrhage such as renin rerease (Hoage, Lor^re, Ng and vane, l9?r), tachy- )

cardie and arteriolar vasoconstriction (Pelletier et a-1. , .:STL; paintal,

L973). Direct evidence of their role in the spleaic contraciion after smal1 :

hemorrhages r,¡as presented by pelletíer et aJ.. (1g?l).

Thus the available evidence suggests, as a vrorking h;4pothesis, that
mobil-ization of blood fron the splanchnic region during hemoruhage involves

acti-ve constriction of the capacitance vessels rnediated through a sympathetic

i,.::'
' refl-ex from atrial ror"r pressure receptors . 

: ,.,

The mechanisro of the pooling of blood during infirsions is not entirely 
.,'',..¡

clear. As previously described (und.er i:he aporonriate result sections), vaso- ":r':':

actÍve peptides such as v¿i"sopressin and angi-otensin can be omitte¿ as pos-

sible e:qplanations as rr-ell as ad.renal med.u1lae secretions, 
.,..,,.,,Infusion of fresh nhol-e blood. procluced large changes in arterial .''"',"

pressure, 28.4 mmHg. (tt5.B No l.l+t+.Z mnHg.). This pressure change r¡ould

certai-nly stj¡rulate the arterial high pressure receptors to cause a generalize<i
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,,,,,,1, ,

vasoclilation and bradycard.ia. Hovrever, as discussed earlier, the hígh pres-

sure baroreceptors probably play onJ-y a minor role in the pooling of bloocl

in the splanchnic vascular bed.

Since central- venous pressure rr'a.s frot mon'itored, it can onJ.y be postulated, 
,,r,,_,,

that infusion of fresh r¡hole blood into the inferior vena cava r.¡ould i-ncrease 'i'',;':

the.centraJ- venous pressure. Indirect evidenie for this comes from the

observation that the portal pressure increased 2.J rnmHg. (from 7.g lo 10.6
:-:::,, ;'

r¡mHg.). Thj-s j-ncrease in venou.s pressure could stj¡rulate the low pressure ,,,..,,',

receptors to cause a reflex venod.ilation (as discussed earli-er). Ho'wever, :i:-:,
:.:.:.,.:.,-

there is no clear evidence as to the quantitative influ.ence of such reflexes

but logj cally it r,.'ou.l-d seem reasonable that such lov pressure receptors

llould be able to adjust central venous pressÌre and also pyevent overloading

of the heart by rela:cing the venous side of fhe vascular bed.

Therefore,theavai1ab1eevideneesuggests,*.".workinghypothesj-s,

that poolìng of vrhole blood into the splanchnic vascu-l-ar bed during ínfusion i

is probably due to an inhibition of basal splpathetic tone t,o the capacitance ,

vessel-s causing them to relax and therefore d.istend as a result of increased ;

i.:. .: ...:tra¡surural pressure due to the infusion. Just hor+ much of a role passive --.,;:;;:,

distension plays is diffi.cult to assess from our data and further e:rperiments -

are required. ""
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