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AﬁSTRACT

These experimenﬁs were designed to measure how much blood is mobiliged
from or pooled in the liver, spleen and gastro-intestinal tract to compensate
for a hemorrhage er infusion of blood.

| Hepatic volume, splenic weight and iﬁtestinal volume were recorded in
cats anesthetized with sodium pentobarbitone. Whole blood was removed or
infused at rates of 0.5 - 0.6 ml/kg/minvuntil 10 ml/kg (19% blood volume)
had been removed or 18 ml/kg (34% blood volume) had been infused. These
. blood volume changes produced only small changes in arterial and portal
pressures except after removal of 8 ml/kg (15% blood volume) when arterial
pressure began to decrease rapldly.

With small hemorrhages of up to % blocd volume, the liver contributed
- 16%, the gas»ro-lntestlnal tract 23% and the spleen a negllglble proportion
of the blood volume removed. With hemorrhages of 15% blood volume, the liver
contributed 21¥, the gastro—lnuestlnal tract 22% and the spleen 19% of the
volume removed; = total splanchnlc contribution of 62%.

During‘infusions of 5 - 18 ml/kg (10 - 34% blood volume), the liver
pooled 20% the gastro-lntestlnal tract 40% and the spleen 6ﬁ of the volume
infused; a total splanchnic contributioh of 66%. V

.It-is concluded that the splanchnic bed mobilizee or pools up to 65% of
the volume of blood removed from or infused into the cats. The mechanisms
responsible for this bloed reservoilr function are discussed. While se&eral
factors msy be involved, it seems.likelj that a reflex regulation involving
atrial rece;tofs and the sympathetic innervation of the-eplanchnic'capacitance

vessels is of predominant importance.
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1
GENERAL INTRODUCTION
¥La Constance Due Miiieﬁ Iﬁterieur Est La Condition

De La Vie Libre." Claude Bernard (1813~-1878)

Blood Volume and Capacity

The central position of the blood and the circulation as the transport
sys£em which serves to maintain the temperature, composition, and volume of
thé.intersﬁitialifluid(lle milieu interieuzl'of Claude Bernard) and upon
which all organs and tissues_depend for continuoﬁs subply'of nourishment
'and fori.removal of waste products, makes it éﬁident that the regulation‘of
~ volume must be a complex problem (Gregersen & Rawéon, 1959). Therefore,
to’construct an integrated picture Qf how the blood volume is maintained
relatively conétant, one would have to systematically analyze the innumefable
mechanisms alone and in relatioh to each other as ﬁell as in relation to the.
direct and indirect effects on blood volume,

The most obvioﬁs determinant of blood volume control is £he inherent
structural size or capacity of the system. Although blood volume and capacity
are both subjected to the same control mechanisms,'they must be regarded as
distinct entities,

In order to maintain_thé venous reﬁurn and cardiac output, the system
must'be adequately distended with blood. Thus, a proper relation must exist
between blood vplume (what is in the system)_and capaéity (the size of the
system). Since mahy compqnenté of the system can actively dilate or constrict,
thus changing the elastic properties of{the system, the capacity of the system
can vary cgnsiderably either to cdnform to the volume of the blood in the

system, or independently thereof.
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For the discussion of the control of blood volume and capacity, it
might be advantageous to briefly discuss the general organization of the

cardiovascular system.

Series = Coupled Sections of Peripheral Vascular Beds

| The systemic circulation consists of a great number of parallel -
coupled vascular circuits. However, each individual circuit can be divided
into a number of series ~ coupled sections consisting of the heart, the
Windkessel vessels, the resistance vessels, the sphincters, the exchange .
~vessels and. the capacitance vessels, which are.connected to the filling
side of the other half of the heart (Folkow and Neil, 1971). The resistance
vessels consisﬁ of a majqr precabiliary section (small artéries and arterioles)
and a minor postcapillary section (fenules and small veins). The capac¢itance
 vessels consist of a major venous system and also tﬁe heart and other
vascular sections that have a minor capacitance function. Therefofe,uthe
venous system seems to be of gréat importance in cardiovascular performance
as a dominating element in the capacitance function.

Resistance Function of Veins

~Let us first consider the resistance function of the veins. The capil-
laries are situated between two variablé resistors, the precapillary and
pdstéapillary resistance vessels, which adjust the me;n capillzry hydro-
static pressure that éontrols'the filtration exchangé across the capillary
walls. This function illustrates the importance of the venules acting as

the postcapillary resistance. -

Capacitance Function of Veins

The dominant role of the venous system is its capacitance function,
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because it contains 65 to 75% of the systemic blood volume (Weideman, 1963),
and it serves as a cardiac forechamber by being the return route to the
heart. It therefore appears to be exactly regulated as even minor adjust-
ments can affect the filling and, therefore, the cardiac-output. In their
capécitance function, the venules of the different circuits serve the
cardiovascular system as a whole rather than’serving any local ﬁissue needs.
The ﬁresent étudy was undertaken to further investigate the generally
accepted hypothesis that an adequate compensation for blood loss in an |
_ animal could be achieved in acute situations by a reflex increase in venous
tone, This Capacitance response in which thé overall capacity df the sjstem
is feduced causing a redistributionvqf the blood in the vascular system
with little change in the cardiac oﬁtput would indicate tbat a certain
. amount of the Bléod in the body functions as a resefve.~Therefore,;thét
'capacitance‘reSponSe'may be said to form a !'first liﬁe of defense! for

maintaining an adequate supply of blood to the tissues,

Blood Reservoirs

Barcfoft's‘theory that most of the'reserve.blood is closed off from
the circulating blood in so - called depots or reservoirs has been‘rgfuted
(Erslev, 1955). The idea of blood réser&oirs has been extended to include
Vascﬁlar areas which can t;ke up or yield large quantities of blood without
interfering with the locél blood supply to the tissues. In this sense most
of the organs and vasculaf areas within the systemic circulation, especially
in the abdomen, have been labelled a bloéd reservoir (Greenway and Oshiro;

1972). Considerable amounts of blood can be expelled from various organs

by'the injection of vasoactive substances and direct nerve stimulation




(see later). Therefore, a blobd reservoir may be defined as an areé from
which a significant volume of blood can be rapidly redistributed in a precise
and controlled way to maintain cardiovascular homeostasis in response to
stimuli such asvpostural changes or hemorrhage. An area which contains a
sighificant proportion of the blood volume is usually, but not necessarily,

a blood reservoir since a mechanism may not exist to mobilize this blood

in a controlled way. Thus, the distribution of blood volume and the distribu-

tion of blood reservoirs are not synonymous terms. Experimentzl data on the

- blood content and the blood reservoir funétion of various organs are scattered

in the literature. Greenway and Oshiro (1972) made a tentative tabulation
of this data and later it was modified by Greenway and Lister (1974) (Table 1).

It appears from Table 1 that 23% of the blood volume can be mobiligzed

- from the blood reservoirs if the sympathetic nerves supplying these capacitance

vessels are stimultaneously and maximally activated. This represents the
meximum volume of blood which could theoretically be removed from an animal
over a relativeiy'shqrt period of time without causing marked hypotension

and disruption of the cardiovascular hoﬁeostasis, the 'blood volume reéerve'

- of Groom, Rowland and Thomas (1965). However, simultaneous maximal aqtivétion
of the sympathetic nerves to these fesefves is unlikely to accur after small
hémofrhages and in an expe;imental Siﬁuatipn, anaesthésia and surgical pre-
paration of the animal would be expected to further modify the results (Chien,
1967). On this‘basis one might expect to be able to remove some 15’to 20%

of the bl§od volume before hypotension dé&elops (Groom et al., 1965). From
table l,.6/58 of 21% of the volume removed would be mobilized from the liver,

32% from the spleen and 14% from the intestine, a total splanchnic contribu~
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_ adjustment, where the veins play the role of postcapillary resistance vessels,

’

tioh of 67% of the volume removed. As will be seen later, the results of
this thesis tend ~ to directly confirm these predictions. However, this
makes no allowance for a tsecond line of defense!, reabsorption of extra~

cellular fluid as in skeletal muscle after hemorrhage. This might replace

up to one third of the volume of the blood removed (Kerr and Kirklin, 1970;
Lundgren, Lundwall and Mellahder, 196L) by concomitant adjustmeﬁts of the
precapillary to postcapillary resistance ratio. When this ratio is increased,'

tissue fluid will be absorped into the vascular compartment. This type of

would not involve a sympathetic venoconstriction as occurs in the mobilization
of venous blood. Therefére, reabsorption of tissue fluid and mobilization of

venous blood must be two separate events occurring at different times and/or

~in different areas. In skeletal muscle, reabsorptioh of tissue fluid seems

to be the more important compensatory mechanism for the loss of blood
(Lundgren, Lundwall and Mellander, 1964), while in liver, reabsorption of
tissue fluid does not seem to occur (Greenway and Lautt, l970).»

Systemic Circulatory Control

In approaching the problem of how the venous system is controlled, one

has to take into consideration (a) the functional characteristic of its

smboﬁh{muscles, (b) the superimpdéed nervous and hormonal influences, (c)
its reflex and central control, and also (d) the co-operation versus compet-

tion between neurogenic mechanism and locezl factors which influence venous

tone, Our knowledge of the venous system is very incomplete due to the dif-
ficulties invol#ed in studying it. However, enough studies have been made

to permit some generalizations concerning the adjustment of venous return,




and the distribution of‘available blood volume. Generally, control tends to
be organized at various levels and based on functional differentiation of
the different cardiovascular sections.

Resistance versus Cepacitance Vessels., Let us first deal with some

priﬁciples of the control of the resistance vessels. Their inherent smooth
muscle activity is the basis of their maintained flow resistance for it
establishes a basal vascular tone., This tone creates a kind of folood flow
resérve' which is éasily mobilized whenever an accumulation of metabolites
| inhibits the vascular smooth muscle.

| . The resiétance vessels myogenic activity ﬁan be reinforced by centrally
controlled nerves. Sincé resistance to flow decreased little after the vessels
were denervated as'long és the preséure head is kept constant, it is sug-
. gested that local control of the resistance vesséls'predoﬁinates in the
normal physiological stzte. This principle seems reasonable, for these vessels
subserve the nutritional blood supply of the tissues. However in states of
emergency the central nerveé.can produﬁe very powerful effects on blood
flow (Folkow and Neil, 1971).

In contrast to the resistance vessels, the situation on the venous side
is markedly different in the‘control of the flow resistance. In termé of its
capaéitance functions, venous&control appears to be dominated by its extrinsic
nervous supply (Folkow and Oberg, 1961). The capacitance system,.unlike the
resistance sysfém does not show myogenic activity with the éxception of the
" portal vein (Folkow, Heymans and Neil, 1965; Holman, 1969; Mellander and
Johansson, 1968§-Sutter, 1965)., This contrast between the control of flow

in the resistance and capacitcnce vessels appears logical when one compares
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the function of the two vesseis. The veins subserve the integrated cardio-
vascular performance as an ‘'adjustable forechamber' for maintaining the
cardiac output while the resistance vessels and the portal veins (which
supplies 75% of‘the liver blood supply) subserve the local needs of the
tiséues.

- Reaction to Pharmacological Agents. Ablad and Mellander (1963) observed

that different pharmacological agents seem to produce different response
patterns in the resistance and the,capaciﬁance vessels of the same tissue.
Whereas acetylcholine and isoprenaline dilate both these-sections, histamine
and hydrazine dilate primarily the resistance vessels and nitrates dilate
the capacitance vessels.(Ablad and Mellander, 1963; Haddy,.l960). Folkow,
Johansson and Mellander (1961) foun& that angiotensin produced a more pro-

~ nounced constrictor effect on precapillary than on postcaﬁillary vessels.
Greenway and Lautt (1972) and Greenway and Stark (l969)ydemonstrated that
angiotensin and vasopressin prqduced their constrictor effect primarily on
the resistance vessels of the liver and spleen., Infusions of noradrenaline
cause an effect on the venous system similar to that of the sympathetic nerves
andﬁnjections of adrenaline indirectly increase blood pressure throughv

its cardiac action. However, the concentration of these substances in the
circﬁlation is &ery low and thereforé,'the adrenal meéulla play little,

if any role in the circuiatqry adjustments (Hodge et al., 1969; Regoli and
Vane, 1966;>Ceiander, 1954),

Circulatory Changes issociated with'Venous Pooling or Distension. The

veins with their thin, distensible and wide =~ bore walls with consequent low

resistance are well suited to accommodate a volume load. Such a volume load
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occurs when man moves from thé supine to the erect position., This type of
ﬁovgment is associated with a great hydrostatic load that would be exerted
on the capilleries. The counteracting mechanisms, that may be used tc decrease
the tendency of transcapillary loss of fluid in the above situations are: (a)
in ﬁhe~abd0men, the hydrostatic tissue pressure of the internal organs is
likely to be similar to thaf pfoduced if thé'abdomen were filled with fluid,
‘This would créate an extramural pressure that may balance the raised intra-
vasculér pressure (Lam, 1939; Rushmer, 1947). (b) On the precapillarj side,
~there will be an increase in the precapillary to postcapillary resistance
ratio due to sympathetic nerve activation and myogenic automaticity of the
preéapillary resisfance.vessels (Meilandér, Oberg and Odetram, 1964; Folkow
and Cberg, 1961). This activity'may.lead to closure of a number of sphincters
- and therefore the blood flow would be shunted through fewer capillaries than
normally and hence the capillary surface area available for flow and filtra-
tion exchange would be feduced.‘Mellander, Oberg and Odetram (1964) showed
that the functional qapiliary surface areé in the human foot will decfease
from one third to one eighth of normal oh shifting the body to an erect
postion; ‘and the tendency for filtration loss of fluid correspondingly_de—
creases., Therefore, this seems to be an important mechanism to protect
agaiﬂst the formation of edema. ‘

Baroreceptors. It is well established that both zortic and carotid

baroreceptors; and also the chemoreceptors, participate in the regulation of
the resistance vessels and for many yearé were also thought to cause a
significant constriction of the capacitance vessels (Bartelstone, 19603

Oberg, 1964; Alexander, 1954; Salzman, 1957; Heymans and Neil, 1958; Ross,
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Frahn and Braunwald, 1961; Kabler, Goldblatt aﬁd Braunwald, 1962). However in
recent years serious doubt has been raised as to Wheiher the venous compart—
ment.is affected by these reflexes. A venoconstriction would be expected to
cause a redistribution of blood and an increase in cardiac output but it

has been shown that cardiac output changes very little during baforeceptor
reflex reéponses. (Polosa and Rossi, 1961; Corcondilas et al., i96h; Bond

and Green, 1969; Epstein et al., 1969; Resnicoff et al., 1969; Vatner et al.,

1970). Direct studies on the capacitance vessels also showed that the in-

 volvement of these vessels is minimal in the vascular beds of skeletal

muscle; intestine and liver (Browse et al., 1966; Hadjaminas and Oberg, 1968;
Mason and Bartter, 1968; Brender and Webb-Peploe, 1969; Epstein et al., 1969;
Tigirka et al., 1970; DiSalvo et al., 1971; Greenwéy and Lautt, 1972).

Low Pressure Receptors. Low pressure regions of the circulation have

been demonstrated to eliqit reflexes via low pressure receptors locsted in
the central venous, atrial and ﬁulmonary compartments which wheﬁ stimulatéd
lead to bradycard'ia.,__~ arterizl hypotension and vasodilation (Aviado and
Schmidt, 1955; Alexander, 19563 Folkow,'Johansson, Mellander and Oberg, 1960;
vSalisbury, Cross and Rieben, 1960; Ross, Frahm and>Braunwald, 1961; Paintal,

—~

1973). However, there is still no clearﬂevidence as to the quantitativeb
inflﬁence of such reflexes, for selective stimulation-of these low pressure
receptors often_séems to involve serious interference with normal cardiac
performance;

There are at least two different‘tyﬁes of atrial pressuré receptors:

type A, whose natural stimulus is increased with atrial tension; and type

B, whose natural stimulus is increased with atrial volume (Paintal, 1973).
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Stimnlation of thé left atriél receptors by overdistention caused brady-
cardia by,activatidn of the'vagus nerve and a generalized reflex vaso-
dilation of resistance and capacitance vessels. This reflex vasodilation
wag due to inhibition of adrenergic vesoconstrictor fibre activity with

no evidehce'of any cholinergic vasodilator fibre activation (Oberg and Thoren,
1973). Following hemorfhagé, these éame low pressure receptors have been
indicated in the release of and production of vasopressin and angiotensin
respectively (Weinstein, Berne and Sachs, 1960; Beleslin, Biéset, Halder
and Polak, 1967; Henry and Pearce, 1956; Gauer and Henry, 1963; Henry,

Gauer and Reeves, 19563 Murdaugh, Sieker and Manfiedi, 1959; Ginsgurg,

1954; Share and Levy, 1962; Share, 1965; Share, 1967; Hénry, Gupta, Meehan,
Sinelair and Sheare, 19683 Scornik and Paladine, 19643 Regoli and Vane, 1966;
Hodgé, Lowe and Vane, 1966; Hodge, Lowe, Ng and Vane, i969). These vaso-
active peptides have beeﬁ demonstrafed to pfoduce their constrictor effects
in the splanchnic vascular bed to be primarily on the resistance vessels

(Greenway and Lautt, 1972; Greenway and Stark, 1949).

To date, there is no known dzta on the effect of low pressure receptors on

~veins. However a mechanism similar to that on the arterial side is teleogically
attractive. Right atrial pressure receptors, by affecting venous sympathetic
tone, could adjust central venous pressure and hence the load on the heart,

Passive Changes. #nother important mechanism which deals with blood

volume and cepacity changes is that of passive collapse and distension.
Passive changes in the capacitance vessels would be due to changes in trans-
mural venous pressure that resulted from changes in central venous pres-

sure or from changes in orgasn blood flow which itself is a compensatory
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response in the regulation of blood volume and distribution. Oberg (1967)
noted that blood was mobilized from thé hindquarters and from the intestine
in cats in response to sympathetic nerve stimulation and that this expulsion
of blood from thése&ofgans had both an active and passive component. Chien
(1967) and Brooksby and Donald (1972) observed that the reduction in splanchnic
blood volumeAconsisted also of a passive and active response of the capacitance
vessels,

Venous distensibility is shown in figure 1, the pressure - volume curve
for~veins (Folkow and Neil, 1971). At high pressure, venous distensibility
is small because of the stretching of stiff collagen elements. The high
wall;distensibiltiy at low transmural pressure is not true distensibility
Qut feflects a change in the geometry of the vessel. Below a venous pressure
of 6 mmHg., the cross~sectional area of the vein changes from a round ¥ an
ellipiical shape. Because the cross;sectional area of an ellipse is less than
a‘circle of the same perimeter, theﬁ fhe caﬁacity of the venous segment alters
greaﬁly es the pressufe rises from zero to six mmHg. Therefore, 'true dis-
tensibility! of veinsﬁ ie., the increasé in perimeter produced by a stretch-
ing force, is low in most veins (Oberg, 1967).,Siﬁce the .portal vein has a
higher venous pressure thaﬁ most veins, then according to Oberg, the portal
vein should show only minimal passive changes. However, it could be very
misleading to extrapolateaOberg's work, which was performed dn isolated
veins, to iﬁclude the venules, the'site of the capacitance response 'in ino'.
Therefore, it is diffipult to draw any sort of conclusion of passive capaci-
tanée changes due to transmural pressure changes.

However, the capacitance vessels appear to have some basal sympathetic




tone and therefore this basal tone could resist passive changes causing
them to be only minimal, Evidenée for this comes from Nickerson (1970) who
demonstrated that the administration of an adrenergic alpha-receptor blocking
agent caused a redistribution of blood volume from the pulmonary to the
sysfemic bed. Chien (1967) found this tone was increased in animals which
were anaesthetized and subjected to surgery, |

Summary. Our present knowledge about control of the venous systeﬁ is
still fragmented. Work to date has shown that thé veins are not a passive
. draining system of tubes but a specific vascular section thaf is at least
as reactive and well controlled as an& of the other compartments within the
ciréulation. Generally,.the venous éystem and the arterial.system are respon-
sive to the same stimuli but, by spécial organization, the veins may react
. differently from the arterial system, both quantitaﬁively and qualitatively.
This is so because the venous éystem has two main dynamic functions, the
resistance function, ie., of imﬁortance in the regulation of intravasculér/

extravascular volume ratio, and the capacitance function, ie., of importance

in the displacement of blood within the cardiovascular system as an integrated

unit rather than in meeting any local tissue demands.

The Svlanchnic Vascular Bed

in,view of the dimensions of the splanchnic vascular bed which suggest
its importance_in'the cardiovascular system, it is surprising how little is
known about the mechanismé involved in the. response of the splanchnic
capacitance vessels to serve as a blood feservoir° Our- continuing interest

in this vascular bed (Greenway and Stark, 1971) led to a study of its

capacitance function after hemorrhage and blood volume expansion. However,




before I describe the experimental results obtained, an up to date functional
description of the circulatory system in each of the brgans of the splanchnic

vascular bed is necessary.

Intestinal Vascular Bed

| Johnson and Selkurt (1958) observed a number of changes in the intestiné
during hemorrhagic shock which indicated a complex intestinal véscular
response to hemorrhage. Generally, a sudden drop in weight in tﬁe lower
intéstinal region was observed in hemorrhage which persisted for the duration
- of hypotension. In the upper intestinal reglon, an increase in weight was
 observed which could be abolished with adrenalectomy (dJohnson, 1960). There-
foré, systemic hypotensiqn seems to induce sympathetic diséharge which by
way of the intestinal nerves causes.a decrease in the intestinsl blood
volume and via the adrenal medulla secretion of adrénaline causes  an in-
crease in the intestinal blood volume. The increase in the intestinalhblood
volume may be caused by adrenaline causing an arterial vasodilation (Greenway:

' _
and Lawson, 1966) and therefore an increased blood flow to the upper intestine
The intestine is richly supplied wifh sympathetic nerves. Stimﬁlation

of these nerves produces a reduction in the gastro-~intestinal tract volume
V(Fblkow et al., 196L). Haglund (1973) also observed a reduction in the gastro-
inteétinal tract volume which was maintained at its méximum during the period
of the induced hypotension. Folkow et &l. (1964) observed that intestinal
volume décreased at theionset of intestinal sympathetic nerve stimulation and
‘that this ’volume change réached a plaﬁeau. Maximal responses were obtaineé
at frequen;;es éf about 4 to 6 Hz. when 30 to L40% of the intestinal blood

volume was expelled. This represents about 4% of the animal's total blood




volume when the portal pressufe was zero, Haglund and Lundgren (1972)
observed no significanﬁ intestinal blood volume change in a denervated
small intestine when the arterial inflow pressure was suddenly lowered to
55 - 50 mmHg. as compared'to a significant decrease in blood volume observed
in ﬁhe innervated small intestine. However, upon exposing the whole animal to
40 mmHg. level, the denervated intestine decreased in volume aﬁd this
decrease is due.to passive collapse of the veins (Haglund; 1973). These résults'
suggest that there cah be both an active and passive capacitance response to
~ severe hemorrhage and that the active capacitance response is mediated
through sympathetic nerves, |

The afferent mechaﬁism of this éympathétic'reflex is ﬁnclear. As
described previously under capacitaﬂce vessel control, the low pressure
_ receptors may play the major‘role in such a reflex ﬁhile the high pressure
" receptors probzbly play a minor role. Hadjiminus et al., (1968) observed that
theihigh pressure baroreceptors produce a. resistance and capacitance respbnse
.in the intestine Similér to sympathetic nerve stimulation..Since, in his
experiments, the venous pressure was‘zerb, it is unclear as to how much of the
intestinal capacitance fesponse was due to an active and/or aﬁpaésivg response.

Splenic Vascular Bed

The splenic contribution to control of distribution of blood volume
"has been studied more intengiVely than that of any other organ, The spleen's
reputation és a-reservoir'began in the 17th century with Malpighit's description
. of muscular trabeculae (cited by Franklln, 1937) and was advanced by Roy's
studies w1th an oncograph, relating splenic contraction to factors affecting

the blood pressure (Roy, 1881). Barcroft and Barcroft (1923) and Barcroft and
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Steven (1927) firmly established the spleen as a reservoir in dogs and cats
by showing sequestration of erythrocytes and by direct observation of

exteriorized spleens.

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

liver, The capacitance function of the spléen has been studied by plethys-
mography (Roy, 1882; Barcroft, Khunna and Niéimara, 1932), chroﬁic exterior-
ization (Bareroft and Stéphens, 1972), visualization through-an abdominél
window (Barcroft et.al., 1972), photographic (Celander, 1954), radiography
. (Barcfoft,'Harris, Orahovats and Weins, l925),and weighing (Stick, MacLean
and Vischner, 1959; Greenway and Stark, 1970).

| The expulsion of blood from this depot -could be accomplished by acti#ity
of the capsule and trabeculae or thé venules and sinusoids. The spleens of
. ecats and dbgs géeatly change their blood volume, while in man, the splenic
capsule contains only little muscle, the organ is small and its role as a
blood reservoir is negligible (folkow and Neil,_l97l). The above observations
- and the demonstraﬁion.by Bickerton (1963) on isolated spleen strips sﬁpport
the view that tﬁe capsule and trabeculaé are responsible for‘contraction df
the spleen,

The micro - circulation of the spleen is éxtremely confused. However,

in spite of the disagreements, it is generally agreed that the spleen consti=~
tutes a storage system for high hematocrit blood. Therefore, the blood

expelled from the spléen due to splenic contraction as in hemorrhage is

concentrated and has a hematocrit value higher than the circulating blood.
The observations by Greenway, Lawson and Stark (1968) were that the splenic

weight recovered slower than flow when sympathetic splenic nervesstimulation
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ceased and that occlusion of the splenic vein for two minutes did not appear
to accelerate the recovery process of splenic weight. This suggests that
either there is a slow relaxation of the capacitance mechanism or the filling

of the spleen with concentrated erythrocytes is a complex process requiring

timé. Schafer et al., (1896) observed that splenic volume varied when agferial
pressure changed. Barcroft et al., (1925 and 1927) observed the'spleen to
contract when a cat exercised and the response was dependent,on an intaét
ner&e supply. In the dog (Grindlay, Herrick and Mann, 1939) and in the cat

(Barcrpft et al., 1927; Greenway and Stark, 1969), it was observed that the

smooth muscle of the splenic capsule and tfabeculae did not show either
pressure - induced myogénic contractioﬁ or passive responsés to change in
arterial pressure.

Stimulation of the sympathetié nerves to the spleen produced a splenic
contraction (Greenway, Lawson.and Stark, 1968). Thé splenic volume deéreased
at the onset of splenic sympathetic nerve stimulation and the volume L .
change reached a plateau at ebout 3 Hz. indicating that a meximum capacitance
response had been reached. This maximum bapacitance response indicated that
74% of the splenic blood volume was expelled and this represents about 9% -

of the animal's total blood volume, After denervation of the spleen, the

spleen still showed a contraction during a hypotensivé hemorrhage. This
contraction was abolished after adrenalectomy (Greenway, Lawson and Stark,

1968; Greenway and Sterk, 1969). These observations suggest that the splenic.

" capacitance vessels.are controlled by the sympathetic nerves and secretions
from the adrenal medulla,

Extracts of the adrenal medulla caused contraction of the spleen in
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dogs (Oliver and Schafer, 1895). Adrenaline was found to produce a greater
capacitance response in;the spleen than npradrenaline (Ahlquist, Taylor,

Rawsqn and Sydow, 1954; Cglander,;l95h; Bickerton, 1963; Greenway and Stark,
1970) while norédrenaiine was found to be similar to nerve stimulation: (Davies,
Gamble and Withrington, 1968; Greenﬁay and Stark, 1970). However, Regoli and
Vane (1966) have found that a slow non-hypotensive hemorrhage does not prodﬁce
an adrenal medullary discharge. Hodge et al. (1969) and Celander (1954) have
concluded that the quantitative importance of hormones, released from the
#drenal medulla after different stimuli, is insignificant when compared to

the effects of activation of the regionél éympatﬁetic nerves.

- _ Phenoxybengzamine decreased splenic contraction in response to spienic
‘ge?vesvand injection of adrenaline or noradrenaline (Green et al., 1960;
Thoenen et ai., 19643 Haefely et al., 1965; Bickerton, 1963; Ottis, et al.,
l95l). Splenic volume was unaltered by beta - édrenergic»agonists (Davies
et al.,, 1969; Greenway and Stark, 1970). Thﬁs splenic contraction seems to
be mediated by alpha_; adrehergic receptors. | |

Passive collapse;of the splenic capacitance vessels during hemorrhage
seems unlikely for splenic volume remains constant with a reduction in
portal flow or arterial pressure (Gfeenway, Lawson and Stark, 1968).

Thus, the avéilable'evidence favors sympathetic control of the splenic
capacitance response. The afferent pathway involved in such é respoﬁse
mechanism is unclear but I believé it to be elicited by low pressure venbus
and atriel réceptors glong with minimal involvement of the high pressure
baroreceptors that have been previously described under capacitance vessel

control., This belief is supported by a small amount of evidence presented
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by Pelletier et al. (1971).

Hepatic Vascular Bed

. The liver has been regarded as a substantial blood reservoir since 1915
on the basis of pharmacological: sbudies with thermostromhrs. The hepatic
vascular bed receives about 33% of the cardizc output (Greenway aﬁd Stark,
1971) and of this about one third reaches thé liver via the hepétic artery
(greenvway et al., 1966). The remainder is via the portal vein which drains
both the gastro-intestinal tract and the spleen.

A number of studies have been reported on the effects of hemorrhage
on the hepatlc vescular bea. In the liver of the cat a prompt decrease in
volume occurred after a smeall hemorrhage and this response was zbolished
after section of the hepatic nerves (Griffith and Emery, 1930). In man
. the sige of the radiograph shadow of the liver decreased after hemorrhage
(Glaser, lcPherson; Prior and Charles, 1954).

Investigations of the effeéts of hepztic sympathetic nerve stimulation
on hepatic volume in cats were reported by Greenway and Stark (1969) énd'
similar responsés have been observed in.dogsu(Greenway and Oshiro, 1972).
Hepatic volume decreased at the onset of stimulétion of the hepatic nerves
and reached a plateau after 4 minutes, ﬁaximal responses were obteined at
ffeqﬁencies of about 6 Hz. when 50% of the liver blooé volume was expelled.
The hepatic capacitance response was therefore large and u@ to 7% of the
animal's total blood voluﬁe was expelled. This hepabic capacitance response'_
is ﬁediated through alpha -~ receptors (Gfeenway and Lautt, 1972).

. The effects of hepatic nerve stimulation on fluid exchange in the liver

have been looked at by Greenway, Stark and Lautt (1969), who showed that
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after the initizl decrease the hepatic volume remained steady during the
period of hepatic nerve stimulation. This suggested that net fluid movement
across the sinusoidal walls did not occur and therefore the sinusoidal
‘hydrostatic pressure and the presinusoidal to postsinusoidal resistance
ratio were unchanged. Inbthis aspecf the liver resembled intestine (Folkow,
Lewis, Lundgren, Mellander and Wallentin, 196&) and spleen (Greenway,
Lawson and Stark, 1968) rather than skeletel muscle (Mellander, 1960),

When the hepatic venous pressure was raised, Greenway and Lautt (1970)
_ observed an initial increase in hepatic blood volume which was followed by
" a.slower steady_increase in volume which did not indicate that it would
reac? 'a; maximum, The initial increase in hepatic volume appears to be
due to distension of the capacitance vessels and the slower increase due
£6 filtrétion. It4therefore appears that the hepatic tissue hydrostatic
pressure changes in the liver do not play a significant role in the bélance
of fluid exchange across the sinusoids. In ﬁhis aspect, -the liver did not
resemble the intestiné and the spleen. Upon returning the hepatic venous
pressure to zero, the hépatié blood volume returned close to the control
level without any evidence of reabsorption of the filtered fluids. Brauer
(1959) and Gfeenway and Laut$: (1970) reportedAno effect on hepatic volume
when hepatic venous pressure was reduced to below zero.

Since hepatic volume was unaltered by a dose of vasﬁpreséin that reduced
intestinal floﬁ byA60%, by altering afterial pressure, and by autoregulatory
a escape of blood flow seen during hepatic nerve stimulation, it may be con-
cluded that passive cabacitance changes in the liver as a result of hemo-

dynamic alterations are minimal (Greenway and Lautt, 1972).
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Thus, the available evidence suggests that the hepatic capacitance
response is under direct sympathetic control. It has been shown by Lautt
and Greenway (1972) that activation of the high pressure baroreceﬁtors did
not result in a significant caﬁacitance response, Therefore, as a working
hypothesis, the afferent limb of this sympathetic reflex could be low pressure |
venous and atrial receptors as previously aescrlbed.

- Present Study

In the resting cat, the splanchnic vascular bed accommodates about 36%
- of the total blood volume (teable 1), receiﬁés a simiiar proportion of the
cardiac output; and thus is a major determinant of total peripheral vascular
resistance and systemic erterial blopd pressure (Folkow and Neil, 1971).
Experimental data on the blood éontent and the bloéd reservoir function of
"~ the splanéhnic vascular bed are scattered in the literature. Teble 1 (Greehway
and Lister, l97h) indicates thaﬁ the splanchnic vascular bed releases 19%
out of the possible 28% of the totel blood volume which can be mobilized'
from 211 the vascular beds upon maximum sympathetic nerve stimulation.
The experiments in this étudy were designed to further confirm the
predictions for the sﬁlanchnic vascular bed made in table 1 and to measure
the §p1anchnic bed 2bility to pool blooa during an in?usion of whole blood.
Many inveétigations were devised to explore the response of the splanchnic
vascular bed to hémorrhage.-These investigations involved a.rapid hemorrhage
~ to create a hypotensive state (Alexander, 1955; Friedman, Frank and Fine,
1951; Glaser, ¥cPherson, Prior and Charles, 19543 Johﬁson, 1960; Reynell,

Marks, Chidsey and Bradley, 1955). Such an investigational procedure creates
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involved and complex problems for a large rapid hemorrhage would maximize
allvcombehsatory'mechanisﬁs in attempting to return the animal to its homeostatic
staté. It is not easy to standardize hemorrhage. Besides using the saﬁe species
~and anesthetic agent, there ié need to consider the body weight, blood
. volume, cardiag output, regional blood flows, arterial pressure and the
depth of anesthesia and hence the activity of the compensatory mechanisms.
Hemorrhage in different expefimehts may be compared Ey reducing cardiac
output by a constant proportion, by removél of a similar volume in each.
cat,.qr by productipn of similar degreés of hypotension. Since satisfactéry
méasuremenfs of cardiac output invoives‘considerable‘surgical intervention,
this means ofvstandardization was not employed. Tn order to avoid the problems
created by a large rapid hemorrhage, I used a slow nonhypotensive hemorrhage
and therefore bleeding to'é given 5100d pregsure was not reaéonable. Therefore,
blood was removed at a constant rate, 0.5 ml/kg/min., through a cannula
inserted into the inférior vena cava.
Anesthesia |

All experimenﬁs were done_in‘cats anesthetized with sodium pentobarital,j
A.variety of. studies in dogs has indicated‘that'anesthesia ﬁithnpentébarbital
‘has negligible effects on the splaﬁchnic vascular bed; splanchnic blood flow
remains essentially unchanged and this has been assoclated with a slight
decrease in splanéhnic vascular resistance (Evringham, Brenneman and Howath,
19593 Gilmore; 19583 Katz and Bergman, l969;vMacCannell, 1969; Pratt, Holmes
and Sheid, l952).,ﬁost cardiovascular studies are done in animals anesthetized
with either pentqbarbital or chloralose. Baroreceptor and chemoreceptor ré-.

flexes are somewhat depressed under pentobarbital anesthesia but they are
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exaggerated and less uniform under chloalose (Geisheimer, 1965; Clifford
and Soma,'1969; Brown and'Hiltoﬁ, 1956; Armstrong, Porter and Langston,
19613 Strobel and Wollman, 1969). In the cat, Greenway, Lawson and Mellander
(1967) found that the responée of the hepatic arterial bed to carotid oc-
clusion and hepatic nerve stimulation was simiiar‘under pentobarbital or
chloralose and urethane anesthesia, Fisher et al. (1956), Gilmore (1958),
Evringham (1959), Galindo (1965), and Katz (1969) showed no significant
alteration in hepatic vascular parameters in cats anesthetized with pento-
'barbiﬁal or other barbituate anesthetics. |
Pentobarbital has been reported to cause dilation of the dog's spleen
(Hahn, Baie and Bonner, 1943) and to relazx the capsule of the spleen (Wakim,
19463 Hausner, Essex and Mann, 1938), but this enlargement or rélaxation
was seen only when the spleen had Been contracted within the preceding 5 or
10 minutes by some other mechaﬁism. With small doses given to cause a fall
in blood pressure the-spleen always contracted (Guntherqth and Fullins, 1963).
A great'deal of the previous work om the effecig of hemérrhage on the
splanéhnic vascular bed has been dohe using pentobarbital (Greenway and StarR;
1971);’Since much more is known asbout the pharmacological actions of pento-
barbital than about chloralose and since pentobarbital tends to minimize
rather than exaggerate the responses, pentobarbital was chosen as the anesthetic
agent. The presen% resulﬁs mey be épplied only to cats anesthetized with
sodium pentoﬁarbital. Further investiagation is required to confirm these
results in differeht species and in conscious animals.’

Technigue-

The techniques available for studying the capacitance vessels are few.




Many studies have been performed uéing isolated veins., However, this tech-
nique reaily does not measﬁre in vivo capacitance responses which take:place
in ﬁhe small venules. Therefore, an extrapolation of results from isolated
veigs to venules in vivo could be very misleading. Another method that has
beeﬁ used to measure the capaciﬁance responses in a vascular bed is to take
the difference between the summed change in arterial inflow into the bed and
the summed chaﬁges in venous outflow ffom the bed. The validity of measuring
a change'in blood volume from the difference between inflow and outflow
depénds on ﬁhe accuracy with which blood flow can be measured and on the
‘completeness with which the region under study can be vascularly isolated.
The method chosen for these experiments was Folkow's plethymsographic
technique which was modified by . Greenway, Stark and Lauttﬁ(1969) t0 measure
directly the hepatic volume. The plethysmograph techniqﬁe allows direct
volume measurements of the intestine and liver. Althrough the plethyméographi
is a valid technique to measure the splenic volume, the gravimetric technigue
for direct volume‘measurement was used so that ﬂhis work could be compared
with the work of Greenway and Stark, The major disadvantage of the plethysmo-
graph and gravimetric techniqﬁe is their inability to éeparate active from

passive effects,
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. METHODS
General

VThirby six cats of either sex and weighing between 1.9 ~ 2.9 kg. body
weight, mean 2.4 kg., were faeted for 21 hours. Anesthesia was induded by
intraperitoneal injection of sodium_pentobarbital (Abbott, 30 mg/kg). When
reflex ear, limb and swallowing movements returned, supplementary doses of
pentobarbital (2 mg/kg) were given through a cannulaAin ; foreliﬁb cutaneous
vein, 4 heatihg element, positicned under the operating table, maintained the
rectal temperature of the cats at 38°C. The cats respired spontaneously, ‘but
t0 ensure a free airway the trachea was cannulated. Mean systemic arterial
pressure was recorded from a cannula placed in the left femoral artery and
connected to a P23AC Stathum pressure transducer. The abdomen was opened by
& mid-line 1nclslon and the free edges of the peritoneum muscle and skln were
sewn together. fean portal pressure was recorded (P23BC Statham transducer)
from a cannula inserted into the portal vein through a small branch from
the appendix; A1l recordings were made on a Beckman Type R dynograph recorder.
A canﬁula was inserted through a femeral vein so that its tip lay in the |
lower abdominal inferior vena cava; this cahnula was used for infusion or
withdrawal ofAblood. |

After completion of the surgery, all animals were given 5 ml, of 5%
dextran in 0.9% w/v NaCl end the recorded veriables were allowed to stzbilize
' for 30 - L5 minutes. In the cats subjected to hemorrhage, blood was removed
at a constant:rate; 0.50 ml./kg./min., thfough a cannula inserted into the
inferior vena cava into a glass syringe containing heparin (10 mg.) and a

magnetic stirring bar. In the volume expansion studies, fresh whole blood




was obtained from a large doner caﬁ whigh was anééthetized with ether and
the jugular vein cannulated. Blood was withdrawn using 20 ml, syfinges and
the collected blood was placed into a glass container with 10 mg. heparin.
This blood was infused through a similarly placed cannula at approximately
the same rate, 0.56 ml/kg/min., as in the hemorrhage experiments. The blood
was mixed by a magnetic gtirring bar, |

Blood Volume Determinations

The blood volume of the intestine and liver was determined at the end
of the experiments by the method of Mellander (1960) for the intestine and
by the same method modified by Greenway, Stark and Lautt (1969) for the liver.,
A sample of intestinal or hepatic blood was taken and a cord was tied around
the outlet from the plethysmograph thereby simultaneously clemping all vessels.,
The vessels were cub below the cord and the weight of the‘portion of the
intestine or liver in the plethysmograph was determined as was the total
weight of the gastro-intesfinal tract'and liver. The intestine and liver were
flushed out with 0.9%:$aline‘and the washout was collected and measured. -

An ammonia solutibh»waé-prepared by diluting 1.4 ml of stock solution
(28% ammonia) to 100 ml with deioﬁized water, Forty ml. of this solution
was placed in each of four plaétic éontainers and 1 ml of w;shout sample
was added to one, duplicate samples of 0.1 ml. blood were added to two
other containers and the fourth served zs a blank. Light absofbance’was
determined with a speqtrophotometef at wave length 540 «.blntestinal and.
N hepaticvblood volumes were calculated (ﬁable 1) by the equation:

Abs. Read. Washout Samvu, Vol. Mix Ven. Samp. Washout Vol.
Abs. Read. Kix Ven. Samp. Vol. Washout Samp. Organ Wt.

X 100

This expression gives the volume in ml/100g of tissue.




The splenic blood volume and the cat's mean total bldod vdlume was
not determined but taken from the literature (see results and table 1)}
Intéstineﬂ

Experiments were performed on twelve cats (six subjected to hemorrhage,
six to infusion), A section of ileﬁm,musually weighing 32 T 1.5 g, was
chosen for the experiment. This section of the ileum was separated from
the remainder of the iﬁtestine by division between ligatures at each end.
.The mesentery was divided between ligatures down to the origin of the superior
mesenteric artery and vein, thus providing a vascular pedicie to the separated
loop., The loop was placed in a triangular plexiglass plethysmograph which
was séaled with plastibase (Squibb); The method was similar to that pre-~

viously described (Folkow, Lundgren and Wallentin, 1963) except that the

intestinal vein was left intact. The vascular pedicle contasining the superior -

mesenteric artery snd vein came ouﬁ of the plethysmograph through a closely
fitting opening st the proximai angle. In these experiments, the tip of the

portal pressure cannula lay in the.mesenteric vein within the plethysmograph

and the pressure was recorded before and after the plethysmograph was sealed.

Great care was tgken to avoid obstruction to the vessels and nerves., With
ﬁhigharrangement;’the intestine was enclosed in the plethysmograph in a
.perféctly air and water tight way without interference with either the
arterial infléw, the venous outflow or nerve éonduction, and the‘mobility
and color of the intestine could be directi& inspected. The plethy%mograph
was fiiled with Ringer-Locke solution at 37°C and connected to a float re-
corder which éperated an isotonic transducer (Harvard Apparatus Co. Model

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

with respect to the level of the heart. The température inside the plethysmo-




egraph was maintained at 36°C with the aid of a lamp. The abdominal’ cavity
was closed by pulling the skin and muscle (vhlch have been sewn together)
in around the sides of the plethysmograph to minimize exposure of the
nesentery. The mesentery that led into the plethysmograph was kept moist
by being wrapped in gauze.soeked With saline,

In each experiment, the recorded volume change was multipliedvby the
total weight of the stomach, intestine and colon and divided by the weight
of the intestine in the plethYsmOgraph and the body weight to convert the
data into ml. change in gastro-intestinal volume/kg. body weight. Using
this unit, ml/kg g5 the mean volume change is expreased ass’

(a) a percentage of the mean blood volume removed or infused

G.I.Trect Vol. Change (ml/kz)
- Heen Vol. Removed or Infused (ml/kg)

(v) a percentzge of the mean total blood volume of the anlmal (Groom et al., 1965)

X 100

G.I.Tract Vol. Change (ml/fg)
52.0 ml/kg

X 100

(¢) a percentzge of the mean gastro-intestinal blood volume (table 1)

G.I.Tract Vol. Change (ml/ks)
5.2 ml/kg

X 100
Spleen

~ In another twelve cats (six suEJected to hemorrhege, six to'infusion),
splenic weight was recorded by the method previously described and evaluated
(Greenway, Lawson and Stark, 1968)f When the spleen was exposed by a mid~
line abdominal incision, the vessels in the gestro-splenic ligament and the
inferior ﬁart of the lieno—renalvligamenfs were tied and the ligaments
divided to allow mobilization of the spleen. The vessels to the body and

tail of the pancreas were tied.




. The spleen was lifted through the abdominsl incision, wrapped in gauze
moietened-with warmed ealine solution, 37°C, and surrounded by thin poly-
thene sheet. It was then placed on a weighing cradle made from polythene
co&ered wire which was bent to the shape of the spleen and indented to ac-
commodate, and prevent undue tension on the vascular pedicle. The cradle was |
suepended freely just ebove the abdominal wall from a force displacement
fransducer (Grass FTO3C) calibrated by weigﬁts to record the_splenic weight
(fig. 3). The signal from the transducer was fed into a Beckman dynograph
recorder (Type R). The tempersture of the spleen was checked pervodlcally
and 1t did not vary by more than 2°C from the rectal temperature. In the
infusion experiments, the portal pressure cannuls was placed in such a way
that the cannula tip lay in the portal vein close to the entry of the splenic -
vein. At the end of each experimenﬁ the Dedicle was tied and cutv Any dif-
ference in recorded weight caused by the procedure was due to tension on
“the pedﬂcle and this weight was substracted from the values obtalned during
the experlment It was assumed that the pedlcle ten51on remained constant
during the experiment. This assumption was shown to be valid since if the
- splenic pedicle is tied but not cut there is no ‘change in weight over several .
hours (Greenway, Lawson and Stark, 1968). In each experiment, the recorded
weight changee were divided by the body welght to convert the data to gram
change in splenic’weight/kg. of body‘weight; This unit, gm/kg, was directly
expressed ae rl/kg iporder that the splenic change could be in volumetric
terms. This celculation assumes that the specific gravity of blood expelled
from the spleen is 1.0, This assumption is incorrect for splenic blood with

its high hematocrit would have & specific gravity of about 1.07. However, .
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since the splenic blood hematocrit was not determined and therefore the
abo&e calculation would overestimate the splenic response by some 7%. Using
the unit, ml/kg, the mean volume change is ex@ressed as:

(a) a percentage of the mean blood volume removed or infused

Splenic Vol. Change (ml/kg)

Mean Vol. Removed or Infused (ml/kg) X 100

(b) a percentage of the mean total blood volume of the animal

Splenic Vol. Change (ml/kg)
52.0 ml/kg

X 100

- (e) a percentage of the mean splenic blood volume (table 1)

Splenic Vol. Change (ml/kg)
6.2 ml/kg

X 100

Liver
- In another twelfe cats (six sgbjected to hemorfhage, six to infusion),
hepaﬁic'volume was recorded by the plethysmograph method previously described
and evaluated (Gfeenway, Stark and Lautt, 1969; Greenway and Lautt, 1970). |
Inorder to fit the hepatic plethysmograbh within the abdominal cavity, it
was necessary to make.an incision along the right subcostal margin (4 - 5.cm)
beside thé mid-liné abdominal incision (6 - 8 cm). In cats weighing less
than 2.3 kg or in cats with a naf:ow cheSt,va léft subcostal margin incision
(2 cm) ﬁas also made. The anterior ligaments connecting the left medial and
. quatrate lobes to the diaphragm and the dorsal ligements connecting the left
lateral lobe of tﬁe liver to the diaphragm were ligated and cut.
Portal pressure was recorded from a cannula inserted (to within about
1l cm. of the Hilum of the liver) through a small vein ffom the appendix.

A carrier, lubricated with paraffin oil, was then slid under the entire
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liver éxdept for the right lateral and caudate lobes, and, when the liver
was’securely in place on the carrier, it was lifted and the lower or base
plate of the plethysmograph was slid under the carrier which was then re-

moved. The second section of the plethysmograph, the side or center piece,

vand the 1lid or top section were inserted into place (fig.l4 ). In this way

thé‘liver was not exposed to hard or sharp edges or to undue manipulation.
Plastibase'was injected around the aperture and by this method, the liver

was sealed within the plethysmograph and the hepatic artery, portal veiﬂ and

hepatic vein passed, intact, through a 2 cm. aperture. The plethysmograph

was filled with warm (37°C) Ringer-Locke solution and connected to a float

recqfder which 1s attached to an isotonic transducer similar to the way the

intestinal plethysmograph was set up (fig.5 ). The pressure in the plethysmograph =

was set at zero relative to the hilum of the liver. Because of thevtrans-
parent nature of the ?lethysmograph, any bléeding or discoloraticn of the
liver which ﬁould indicate gross macroscopic damage could bé observed,

The gallbladdér was not a factor in the volume response measured. The
gallbladder was visiBle through the transparent wall of the plethysmograph
and its volume of 2 - 3 ml. did not appear to change during the experiments.

In each experiment, the recorded volume changes weré multiplied by thé
total liver weighi; divided by the weight of the part of the liver within

the plethysmograph and divided by the body weight, to convert the data into

- ml., change in hepatic volume/kg. body weight. Using this unit, ml/kg, the

mean volume change is expressed as:

(a) a percentage of the mean blood volume removed or infused




 Hepatic Vol. Change (ml/kg)
Mean Vol. Removed or Infused (ml/kg)

X 100

(b) a percentage of the mean total blood volume of the animal

Hepstic Vol. Change (ml/kg)
52.0 ml/kg '

X 100

‘ (¢) a percentage of the mean hepatic blood volume (table 1)

Hepatic Vol. Change (ml/kgz)

Calibrations

X 100

The femoral arterial and portal venous pressure trahsducers were cali-
bratedeith a mercury and water manometer respectively once every month.
The transducer and recorder were.found to be stable., The hepatic and intestinal
volume recording along with splenic weight recording were checked for‘lihearity
and calibrated befofe every experiment. The full rénge of operation was
checked by stepwise injections of 1 ml. to a total of 10 ml. into the hepatic
plethysmograph, of 1 ml., to a total of 5 ml. into the intestinal plethysmo-

‘graph and by the addition of 1 mg. weights to the splenic weighing cradle.

General Observations -

The control vélues presented'here>are means E standard errors of the
data from every cat which was uséd. Controlvvalﬁes for each series of experi—A
ments are presented in the appropriate 'Results! sections.

All control pressures, liver and intestinal volumes and splenic weighf
were measured aft;r the surgery was completed, immediately before the first
experimeﬁtal maneuver, and was monitoréd.continﬁously throughout the ex—~
pefiment. The arterial and portal pressures were well maintained and the
volume of the liver and the intestine - and the weight of the spleen remained

stable in the control period.




The general state of the animals was good. Corneal, ear flick and
swailowing reflexes returned repeatedly as the effects of each supplementary

dose of pentobarbital wore off. Blood loss during Surgery'was always very
small,




RESULTS & DISCUSSION




-36~

GENERAL

| The results of‘the experiments in this thesis are presented in
sequence to answer the following questions: (1) how much blood is mobilized
ffom or pooled in each of the splanchnid organs, gastro-intestinal tract,
spleen and liver to compensate for the hemorrhage or infusion and what
percentage does this répresent, (25 what percentage of the animal's total
blood volume does this represent and (3) whet percentage of each organ's
blood volume does this represent?

Eighteen cats were used in each of the hemorrhage and infusion ex~ '
periments. The eighteen cats were equélly divided into three groups: group
1, where the gastro-intestinal volume was measured; group 2, ﬁhere the
splenic volume was measured and group 3, where the hepatic volume was
meaéured.

‘Tests of significance between means of the three groups were evaiuated
vby a compietely random analysis of variance test (Steel and Torrie; 1960).
In 211 analyses a probabiiity of 0,05 was selected as the criterion of

statisfical significance.




SECTICON XL
Blood Pressure and Portal Pressure Response

to a Slow Nonhypotensive Hemorrhage
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RESULTS (SECTION ‘1)

Blood Pressure Response to Hemorrhage

Afteriai blood pressﬁre was measured in all eighteen cats subjeéted
to.hem;rrhagé. The effect of these hemorrhages on arterial pressure wés
not significantly different Between the threé groups of cabts involved:
groub 1, where thé géstro-intestinal volume wés measuredy group 2, where
-the splenic voiume was measured and group 3, ﬁhere the hepétic volume was
measured (table 2).

The mean control arterial pressure of the eighteen cats was 121 t 6.0
‘mﬁHg. This pressure decreased 13 mmHg. during the first 16 ﬁinutes A wﬁen
8 ml/kg. of Elood had been removed, After this point, the arterial blood
pressure decreased rapidiy (fig. 6). Therefore, the point where & ml/kg.
of blood had been removed was tzken as the start of hypotehsion and the
organ volume changes up to this point were gnalyzed. Removal of 8.m1/kg.
of biood represents the removai of 15% of the total blood volume of the cats
(mean blood volume 52.ml/kg; Farhsworth, Paulino~Gonzalez and Gergersen,
1960; Groom ét al., 19653 Scott, 1972; C.V. Greenway,'unpublished observatiéns).

Portal Pressure Response to Hemorrhage

Portal pressure response to'hemorrhage'was'measﬁred in six caté that
were involved in the hepatic volume experiments and in five of the six cats
involved in the intestinal. volume experiments. The effect of these hemorrhages
on portal pressuré was nof significanty different between the two groups of
~cats in which the mezsurements were taken (table 2).

Pbrtal pfessufe was not monitored in the cats involved in the splenic
volume experiments beczuse the  experiments with the liver and intestine .

showed no significant changes in portal pressure. The mean portal pressure




i
i
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during the control period was 8.6 T 0.8 mmHg. and this decreased to 7.3 % 0.9

mmHg, when 8 ml/kg. of blood had been removed from the animal.(table 2),




SECTION 2
Gastro-Intestinal Blood Volume Respomse

to a Slow Nonhypotensive Hemorrhage
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RESULTS (SECTION 2)

Gastro-Intestinal Volume Changes in Response to Hemorrhage

Figure 7 shows the eiperimental record of one cat subjected to hemorrhage.
The initial arterial pressure was 110 mmHg., portal pressure was 7 mmHg. and

the Cdt's weight was 2.4 kg. The ileum responded immediately to hemorrhzge

while the blood pressure and portal pressure remained relatlvely stable up
until the p01nt where 5 ml/kg. of blood had been withdrawn. Then the arterial

pressure started to drop along with the portal pressure.

The resultant volume changes that were recorded in the piece of ileum

were extrépolated on a weight basis to the whole gastro-intestinal tract.

This éxtrapolation may not be entirely valid., There is not any direct data
to support this extrapolation for the stomach but Hulten (1969) showed

that the blood content of the large intestine and colon was very similar to
that of the ileum in cats. The extrgpolation was used to estimate the total
splanchnic blood reservoir function and to ollow comparison of this work with
that of Brooksby and Donzld (1971 and 1972). Their work, which Was‘published
during the course of this investigation, involved equally imporﬁant but
different limitations and the similarity of the daté on the total solanchnio’

bed (which will be presented later) suggests that both methods give reasonable

estimates of the true values, Therefore, from now on, 2ll results will

refer to volume changes in ml/kg. of body weight in the gastro-intestinal
tract, which includes the'stomach, small infestine and large intestine plus

colon,

The mean'weight of the ileum in the plethysmogragh of all six experi-
ments was 35.5 T 3,9 gn. The mean weight of the stomach, small intestine and

large intestine plus colon was 26.8 £ 2.3 gm., 76.6 £ 0.9 gm. and 22.8 T .7




gm;.respectively.‘Therefore, the total average weight of the gastro-intestinal
tract was 126,3 t 1.9 gm.; or 55.4 1‘2.3 gm/kg. of the animal's weight
wh@dh averaged 2.3 t 0.1 kg.

| Thg mean gastro—intestihal volume showed a steady decrease from the start
of the hemorrhage. The gastro-intestinal volume decreased 0.5 ml/kg. when

2 ml/kg. of bléod was removed and 1.7 ml/kg. when 8 ml/kg. was removed
(fig.8). To allow'assessment éf the role of the gastro—intestinai tract
as a blood reservoir, the mean volume change 1s expressed as (a) a percentage
of:the mean biood volume removed from the six animals, (b) a percentage’
of,thé mean dplood volume of the animal'and :(¢c) a percentage of the mean
gastro~intestinal wvolume (tsble 3).

‘ It can be seen froﬁ figure & that the gastro-intestinal tract mobilized
23% of the volume reméved when the hemorrhage was 2 ml/kg. When 8 ml/kg. was
remo#ed, the gastro—iﬁtestinal.tract mobilized 22% of the volume removed.
This volume change which is believed to be due to whole blood expulsion

from the gasfro~intestinal tract represents 0.9% and.B.B% of the catts
blood volume of 52 ml/kg.’whén'the hemorfhage was 2 ml/kge and 8 ml/kg.
respectively, Since_the.gastro-intestinal tract contains 10% of the blood .
volume of 52_;:11/kg. (table 1), it contains 5.2 ml/kg. of blood, After a -
hemorrhage of 2 ml/kg. (3.9% of the total cat's blood volume) and 8 ml/kg.
(3%5%7'blood.volume), O.é'ml/kg.jand 1.7 ml}kg. had come from the gastro-
intestinal tréct respectively. Thus, the gzstro-intestinal tract content

was reduced 8,9% and 33.0% respectively.
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Splenic Blood Volume Response

to a Slew Nonhypotensive Hemorrhage




=

RESULTS (SECTION 3)

Splenic Weight Change§ in Response to Hemorrhage

| Figure 9 shows the experimental record of one cat subjected to hemor-—
rhage. The initial arterial pressure was 125 mmHg., and the cat's weight was
2.7 kg._The spleen did not respond immediately to hemorrhage and very little
change ﬁas observed until 2.5 ml/kg. of blood had been removed. However,
as the hemorrhége becaﬁe.greater, ﬁhe spleen decreased rapidly in size. The

blood pressure remained relstively constant in this experiment.

The mean weight of the spleen was 30.15 ¥ 0.99 gm. or 10.82 % 0.43 gn/kg.

and the mean weight of the cats was 2.8 T 0.12 kg.

The mean splehic weight showed a linear decrease with hemorrhage beyond
2.5 ml/kg. (fig. 8). The splenic weight remained constant, without change
when 2vml/kg. of blood was'removed and then decreased 1.5 gm/kg. when
8 ml/kg. of whole blood bad been wiﬁhdrawn. In order to assess fhe recle of
the Splgen as a blood reservoif, the same célculations were performed as
were done on the gastro—intestinalvtract. The blood mobilized from’the
spleen was expressed as (a) a percentage of the mean blood volume removed,
(b) a percentage of the mean total blood volume of th; animal and (c) a
pepcenﬁagé of the mean splenic volume (table 3).

It can be seen from figure 8 that the spleen was observed to mobiligze
0.0% of the volume removed when the hemorrhage was 2 ml/kg. and 19% when
the hemorrhage was 8 ml/kg. This volume chahge which is believed to be due

to whole blood expulsion from the spleen represents 0.0% and 3.0% of the

catls mean bléod volume of 52,0 ml/kg. when the hemorrhage consisted of 2 ml./kg.

and 8 ml/kg. respectively. The spleen contains 12% of the blood volume of

the cat (table 1) which represents 6.2 ml/kg. of blood. After a hemorrhage

{
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of 2 ml/kg. and 8 ml/kg. of blood, the spleen mobilized 0,0 ml/kg. and
1.5.ml/kg. respectively. Thus, the splenic content was reduced 0.0% and
25% respectively.
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Hepatic Blood Volume Response -

to a Slow Nonhypotensive Hemorrhage
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RESULTS : (SECTION 4)

Hepatic Volume Changes in Response fo Hemorrhage

Figure 10 shows the experiment record of one cat subjected to hemorrhage.
The;initial arterial pressure was 12/, mmHg., potrtal pressure was 9.5 mmHg.
and the cat‘s'weight was 2.6 kg. The liver responded immediately to hemor-
rhage while the blood pressure and portal pressure remained‘relatively
constant up until the point where 8 ml/kg. of whole blood had been removed
from the animal, |

| The mean weight of the liver that was Qithin the plethysmograph was
- 67.0 T 2.4 gn and the total mean weight of the liver was 84.0 F 2.6 gm or
35,12 £ 1.56 gn/kg. where the mean weight of the cats was 2.4 % 0.05 kg.

The mean hepatic vblume showed.a linear decrease during the hemorrhage
(fig. 8 ). The liver voluﬁe decreased 0.3 ml/kg. when 2,ml/kg. of blood was
_ removed and 1.7 ml/kg.lwhen 8 ml/kg. was removed. To allow assessment cf the
role of the liver as a blood reservoir, the same calculations were performed
as were done with the gastro-lntestlnal tract and'spleen. The blood mobilized
from the liver was expressed as (a) a percentage of the mean blood vﬁlume
removed, (b) a percentage of the mean tétal'blood volume ef:the animal and
(¢) a percentage of the mean hepatic volume (table 3).

It can be seen from figure 8 'that:the liver mobilized 16% of the volume
removed when the hemorrhage was 2 ml/kg. When 8 ml/kg: was removed, the liver
mobilized 21% of the volume removed. This amounf of the blood expelled
from the liver répresenté 0.6% and 3,2% of the cat's blood volume of
52 ml/kg. when the hemorrhage was 2 ml/kg. and 8 ml/kg. respectlvely.

Since the llver contains 14% of the blood volume of 52 ml/kg. (table l),

it contazins 7.3 ml/kg. of blood. After a hemorrhage of 2 ml/kg. and 8 ml/kg.,




=48~

.
+

the liver expelled 0.3 ml/kg. and 1.7 ml/kg. of blood respectively. Thus,

the hepatic blood content was reduced 4.4% and 23% respectively.




SECTICN 5
DISCUSSION OF THE SPLANCHNIC' VASCULAR BED VOLUME

CHANGES DURING A SLOW’NONHYPOTENSIVE HEMORRHAGE
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- DISCUSSION (SECTION 2, 3 & 4)
General )
- Two questions now arise:v(l) is the decrease in the splénchnic vascular
bed.volume due solely to a blood loss or could there be also some tissue
fluid resbsorption and (2) what is the mechanism of expulsion of this blood

from the splanéhnic vascular bed?

Whole Blood v.s. Tissue Fluid Reabsorption

In the splanchnic vascular bed, reabsorption of tissue fluid would be
expected to be small; because the mean portal pressure did not decrease more
- then 1.3 mmHg. (8.6 ~ 7.3 mnHg.) (table 2). Such a small change ﬁould result
in insignificant net fluid movements.,

This assumption tends to be confirmed in the gastro-intestinal tract
by the works of Johnson and Hanson (1966) and Walléntin (1966). Therefofe,

- with these facﬁs and with the work of Folkow et al. (1964) who showed that
there was no evidence of tissue_fluid reabsorption under the'coﬁditions.of
a well maintained constriction of the capacitance vessels, it is suggestea
that the volume change in the gastro—in@estinal tract observed in these
experiments are‘due entirely to mobilization of whole blood. .

| Similarly, the volume mobilized from the spleen and liver during hemor—
rhage is probably whole blood and since~the spleen is‘a storage site for
red bleod cells, the blood mobilized from the spleen would have a;higher
hematoerit than the blood expélled from the liver and gastro-intestinal
A tract. This assumption is confirmed in the spleen by Greenway, Lawson and
'Stark (19632, who éhowed that during stimulation of the sympathetic nerves

there was no reabsorption of tissue fluid. In the liver, no evidence
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of reabsorption of extracelluiar fluid was obtained previously during stimu-
lation of the sympathetic nerves (Greenway et al., 1969), during reduction
in hepatic venous pressure (Greenway and Lautt, 1970) or during infusions of
a variety of vaso-active drugs (Greenway and Lautt, 1972).

" Mechansim of Mobilization

The mechanism of mobilization of blood from the splanchnic'vascular
bed could be due to active constriction of the capacitance vessels and/or
to passive collapse due to decreased tranémural pressure. In the case of the
- spleen, the mobilization of éplenic blood could Be due to active constriction
and/or passive collapse of the splenic capsule and trabeculae instead of
ité'capacitance vessels-{see introduction). | |

Passive Collapse. The changes in arterial pressure, 13 mmHg., (121 - 108 A

~ mmHg,) and portal pressure, 1.3 mmHg. (8.6 - 7.3 mmHg.) recorded in these
experiments (table 2 and fig. 6) were minimal and therefore the passive
consequences of these changes wéuld apprear to be at the most a small part

of the observed responses. It has been previously shown that during vaso=-
pressin infﬁsioh, marked splenic and inﬁestinal_vasoconstriction with a

" conseguent reduction in portal flow did not alter hepatic or splenic‘volume
(greenway and Lautt, 1972; Greenway; Lawson and §tark, 1968, respectively)
aﬁd.éhanges in splenic flow due to partial occlusion ;f the splenic artery
also did not alter splenic yeiéht (Greenway, Lawson and Stark, 1968)., Haglund
and Lundgren (1972) observed no significant intestinal blood volume changes
in the denervated small intestine when»the arterial inflow pressure was lowefa
ed to 50 -~;5 ﬁmHg. Therefore, it appears that the major factor controlling

mobilization of blood from the splanchnic vascular bed during slow, non-
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hypotensive hemorrhages is an activébéonstriction of the capacitance vessels

or cépsule'and trabeculae through some efferent pathway.

~ Bumoral Factors.“Although the low pressure receptors in the atrium

have been shown to release vasopressin and cause the production of angiotensin
(seé introduction), endogenous ratesvof vasopressin secretion and angiotensin
production seem . unlikely to produce signifidant cepacitance reéponses in
the splanchnic vascular bed. Experiments by Greenway and Stark (1969) showed,
that after denervation and adrenalectomy, the sblenic volume did not change
_ in response to hemorrhage. Thus, it seems reasonable to conclude that the
vaso-active peptides, vésopfessin and angiotensin, did ﬁot affect splénic
weight to any significaﬁt degree. Tﬁis was confirmed by Gréenway and “Stark
(1970) by intravenous infusion of aﬁgiotensin and vasopressin. Similarly,
. Greenway and Lautt (1972); showed th;t endogenous rétes of secretioﬁs of
Vvasopressin and the production of angiotensin. appear unlikely to produce
significant hepatic blood volumé response for only very large doses prodﬁce
minor capaéitance'responses;'- |
Slow,’nonhypotensiveihemorrhage of.this type were shown by Regoli and
Vane (1966) not to release catechoiamines from the adrenal medulla. Therefore,
secretions from the adrenal medullabappéar unlikely»to cause the capacitance
réspénse observed in the splanchnic vascular bed. "
From this_data, it seems'reaéonable to conclude that huﬁoral factors do
not cause ahy significant.capacitance response in the splanchnic vescular
bed when cats were'subjegted to a slow, honhypotensive»hemorrhage. Therefore,

the efferent pathway for such an observed response appears to be mediated

through,sympathetic nerve’stimulation which is well known to produce a large




—53m

decrease in the blood content of the splanchnic organs (table 1).

Sympathetic Nerves. The absolute gastro-intestinal tract volume curve,

the absolute splenic weight curve and the absolute hepatic volume curve (fig. &)
obtéined during hemorrhage compare: with a sympathetic nerve frequency response
curve for the intestine (Folkow et'al., 1964), spleen (Greenway, Lawson and
Stark, 1968) and liver (Greenway, Stark and Lautt, 1969). The afferent path-
way involved in the stimulation of the sympathetic nerves to produce the
observed splanchnic capacitance response could be due to activation of high
pressure baroreceptors and/or to low pressure receptors located in the central

venous, atrial and pulmonary compartments. Due to minimal changés in arterial
pressure (table 2, fig.-é), it is ﬁﬁlikely that arterial high pressure baro-
receptors are the affereﬁt pathway involved. |

However, it is possible that these low pressuré receﬁtors were affected
by hemorrhage. These-receptors have been Shown to normally alter their firing
" rate during hemorrhage (Gupta, Henry, Sinclair and von Baumgarten, 1966) -
and they are known to cause other responses to hemorrhage such as tachy—
cardia and arteriolar vasoconstriction (Pelletier, et al., 1971; Paintal,
19733 Gilmore and Zucker, 1974). Therefore, inhibition of these receptors
could be responsible_for iﬁcreased activation of the sympathetic nerfes to
- the capacitance vessels of the splanchnic vascular bed,

Summary. Thus, the available evidence suggests, as a working hypothesis,
that mobilization-of splancﬂnic blood during hemorrhage is by a sympathetic
reflex from low pressure receptors, such as those located in the atrium

of the heart.




SECTION &

Blood Pressure and Pértal Pressure Response

" to a Slow infusion of Fresh ihole Blood
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RESULTS (SECTION 6)

Blood Pressure Response to Whole Blobd Infusion

Arterial blood pressure was measured in all eighteen cats subjected to
an infusion of whole blood. The effects of these infusions on arterial
preésure was not significantly different between the three groups of cats
invélved: gfoup 1, where the gastro-intestinal volume wes measured; group
2, where the splenic weight was measured and group 3, where the hepatic
volume was measured (table 4 ).

The mean control arterisl pressure was:tuiai 7.5 mmHg, and this prese
vbsure increased steadily to 114.2 1'8.7 mmHg. afﬁer 18 ml/kg. of blood had
" been infused (fig.1l). This volume represents an:increase of 35% in-the.
cat's total blood ﬁolumé‘(mean blood volume 52 ml/kg., see section 1.

Portal Pressure Response to Whole Biood Infusion

Portal pressure response to infusion was measufed in.sevénteen out
of the eighteen cats involved in these experiments. The effects of these
infusions oﬁ portal pressure were not significantly different between the
three groups of cats:in which the measurements were taken (iable L );

The mean portzl pressure during,thé control period was 7.9 t 0.6 mmHg.
This increased to 8.9'f 0.7 mmHg. when 9.0 ml/kg. of whole blood had been

infused and to 10.6 % 0.8 mmHg., when 18 ml/kg. had been infused.




SECTION 7
Gastro=Intestinal Blood Volume Response

. to a Slow Infusion of Fresh Whole Blood
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RESULTS & DISCUSSION (SECTION 7)

Gastro-Intestinal Volume Changes in Response to Infusion

Figure 1 2 shows the experimental reqord of one cat §ubjected to whole
blood infusion. The initial arterial pressure was 110 mmHg., portal pres-
sure was ll.5 mﬁHg. and the catts-weight was 2.5 kg. The ileum responded
immediately to the infusion of wholé blocd. The arterial and portal pressures
also increased from the beginning of‘the infusion., .

The resultant volume changes that were recorded in a small piece of
the ileum were extrapolated on a weight basis to the whole gastro-intestinal
fract similar to that which was done in the hemorrhage experiments. There-
fore, from now on, all results will be in terms of the gastro;intestinal _
tract as described under the results of the intestinal hemorrhage experiments.
) The mean weight of the ileum in the plethysmograph was 30.8 X 1.5 gm.
The mean weight of the stomach, small intestine and.large.inte§tihe plus
colon were 23.79 T 2.51, 74,66 £ 3,56 and 20.92 T 1.63 gn. respectively.
Therefore, the total average weight.of the éastro—intestinal tract was
119.36 £ 6.08 gm. or 58.82 + 3,23 gn/kg. of the animal's weight which aver-
age 2.10 ¥ 0,12 kg, | |
| The mean gastro-intestinal tract showed a $teady increase in volume fiom
the start of the infusion of whole blood (fig.13). The gastro-intestinal |
volume increased by 0.79 ml/kg., 1.7 ml/kg., 3.2. ml/kg., L.7 ml/kg. and
6.2 ml/kg. when the amount of fresh whole blood infused was 2.3 ml/kg.,

L.5 ml/kg., 7;9 mi/kg., 12 ml/kg;’ and 18 ml/kg. fespectively. As with
thé hemorrhage experimenté, the results are expressed as (a) a percentage
" of the mean blood volume infused into the six cats, (b) as a percentage of

the mean total blood volume of the six animals and (c¢) as a percentage of




the mean gestro-intestinal volume, so that the ability of the gastro-intestinal
tract to function as a blood collecting reservoir could be assessed (table 5).
It can be seen fromlfigure 13 that the gastro-intestinal tract can

pool 35.0%, 39.6%, 39;0%, 39.0% and 34.0% when the volume of whole blood

infused was 2.3 ml/kg., 4.5 ml/kg., 7.9 ml/kg., 12 ml/kg. and 18
ml/kg. respectively. This volume change which is believed to be due to
whole blood expansion of the gastro-intestinal tract represents 1.5:4

3.4 %, 6.1%, 9.1 % and 12.0 % of the @at's normal blood volume of 52 ml/kg.

&hen the infusion was 2.3vml/kg., Le5 ml/kg., 7.9 ml/kg., 12 ml/kg.

and 18 ml/kg. respectiVely.'Sincé the gastfo—intestinal'tract conbains 10%

- of the blood volume of 52 ml/kg. {table 1), it contains 5.2 ml/kg. of blood.
After an infusion of 2.3 ml/kg., 4.5 ml/kg., 7.9.ml/kg., 12 ml/kg.

and 18 ml/kg. the gastrg—ihtestinal tract increaéed in volume by 0.79 ml/kg.,'

1.7 ml/kg., 3.2 mi/kg., 4.7 ml/kg. and 6.2 ml/kg. respectively. Thus,

the gastro-intestinal tract content wés increased by 15.0 %, 33.0 %, 61.0 %,
91.0 % and 119.0 % respectively..’

Discussion of thevGaétro—Intestinal Tract Volume Changes

The gastro-intestinal tract volume expansion curve expressed as a

‘percentage of blood infused (fig.13) shows thét a maximum percentage ine-

crease in capacitance response occurs when the volume of blood infused
was between zero and 2.3 ml/kg. The maximum capacitance response was then

maintained at a steady percentage with a tendency to drop after f12 ml/kg.

had been infused. This drop would seem to indicate that the gastro~intestinal .
tract had reached its limit to function as an organ capable of pooling

excess blood and that limit is about 40% of the infused blood.




SECTION &
Splenic Blood Volume Response

to a Slow Infusion of Fresh Whole Blood
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RESULTS & DISCUSSION (SECTION 8)

Splenic Weight Changes in Response to Infusion

Figure 1) shows the experimental record of one cat subjecfed to whole
blood infusion. The initial arterial pressure was 110 mmHg., portal pressure
was /8.5 mmHg. and the cat's weight was 2.4 kg. The arterial and portal
pressures responded immediatgly to ﬁhe infusiqn and very little change was
observed in splenic‘weight until 4.5 ml/kg. of blood had been'infusea;

The mean weight of the spleens of the six cats in these experimenté
was 24,01 T 2,24 gm, or IO.AA'ﬁ"O.éévgm/kg. where the mean weight of the
cats was 2.3 ¥ 0.15 kg.

A The spleniQ weight showed a steady increase in wéight when the infusiqn
of whole blood was betweén L.5 ml/kg. and 12 ml/kg. After 12 ml/kg. of
blood was infused, the splenic weight cur&e expressed as gm/kg. becomeé
flattened showing a maximum capacitance response (fig. 135.

The mean splenic weight increased zero gm/kg., 0.05 gm/kg., 0.37 gm/kg.,
0 85 gm/kg. and 0.95 gm/kg. when the volume of blood infused was 2.3 ml/kg.,
he5 m1/kg., 7.9 ml/kg., 12 ml/kg. and 18 ml/kg. respectively. Inorder to
assess the role of theispleeﬁ as a reservoir for~extra}blood infused, the
same calculations were performed as were done with the gastro~-intestinal tract'
infusion experiments. The blood pool¢d in the épleen waé expressed as (a) a
percentage of the mean blood volume removed, (b) as a percentage of the mean
total blood volume and (c) as a percentage of the mean splenié volume (table ).

It can.be~seeﬁ from figure lBEthat the spleen can podl 0,00%, 1.1%, |
' L. 6%, 7.0%vand 5.3% of the volume infused when the infusion was 2.3 ml/kg.,
Le5 ml/kge, 7.9 ml/kg;, 12 ml/ké. and 18 ml/kg. respectively. This

volume which is believed to be due to whole blood expansion of the spleen
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represents zero- $,:0,10%, 0.71%, 1.6% and 1.8% of the cat's normal blood
volume of 52.0 ml/kg. when the infusions were 2.3 mi/kg., 4.5 ml/kg., 7.9
ml/kg., 12 ml/kg. and 18 ml/kg. respectively. Since the spleen contains .

‘12% of the blood volume of the cat (table 1) which represents 6.2 ml/kg. of

blood, After an infusion of 2.3 ml/kg., 4.5 ml/kg 7.9 ml/kg., 12 ml/kg.
and ‘18 ml/kg. the spleen increased by zero gm/kg., 0.05 gm/kKg., 0.37

gm/kg., 0.85 gm/kg. and 0.95 gm/kg. respectively. Thus, the spleen content

was increased by zero %, 0.81%, 6.0%, 14.04 and 15.0% respectively.

Discussion of the Sovlenic Volume Changes

The splenic weight expansion curve ex@fessed as a percentage of blood
infused (fig. 13) shows that the spleen did not react immediately to the
yolume load. On the average, the spleen increased in vdlume in a linear |
relationship between the infused volumes of h.5 ml/kg. and 12.0 ml/kg.
,after which a maximum was reached and at thét point the curve flabttens and
becomes steble indicating that a maiiﬁum capacitance response has been
feached. Suéh a maximum capacitance fesponse to a volume load indicates

-that the spleen is now increasing its volume at a constant proportion with

the amount infused. This value, when expressed as the percentage of the

infused blood stored by the spleen is 6%. When this value, 6%, is compared

to the percentage that the spleen can mobilize during hémérfhage, 19%, it
can be seen that the spleen was much less able to pool blood than to mobilize

it.

\
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SECTION ©-
Hepatic Blood Volume Response

to a Slow Infusion of Fresh Whole Blood
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RESULTS & DISGUSSION (SECTION 9)-

Hepatic Volume Chansges in Response to Infusion

Figure 15 shows the experimental record of one cat subjected to whole
blopd infusion. The initial arterial pressure was 80 mmHg. , portél pressure
was 9.5 mmig. and the cat's weight was 2.4 kg. The hepatic volume responded
immédiately to the infusion of whole blood. The artepial andvportal pressure
also increszsed from the beginning of the infasion. |

Tﬁe mean weight of the liver in the plethysmograph was 70.93 t 4,38
gn. The mean weight of the total liver was 86.04 t 5.28 gn or 35.69 T 2,33
gn/kg. of the animal's weight which averaged 2.4 t 0.07 kg.

The mean hepatic volume showed 2 steaddy increase from the start_of the
infusion (fig. 13). Thewhepatic volume increased 0.36 ml/kg., 0.75 ml/kg.,
l.5f;ml/kg., 2.6 ml/kg, and 4.0 mi/kg. when the volume of fresh whole
- blood infused was 2.3 ml/kg;, L.5 ml/kg., 7.9 i ml/kg., 12 ml/kg.
and 18 ml/kg. respectively. Again, the results are expressedvas {a) a per-
centage of the mean blood volumé infﬁsed, (b) as a percenﬁaéé of the mean .
total blood volume =nd (e) as a percentege of the mean hepétic volumé, in-
order that the reserve pooling cspacity of the liver may be assessedg(table.5)’

From figure 13 , it can be shown that the liver can pool 16;0‘%; 17.0 ¢,
19.0%, 21.0 % and 22.0.% of the volume infused when the infusion was 2. 3
ml/kg., 4.5 ml/kxg., 7.9 ml/kg., 12 ml/kg. and 18 ml /kg. respectively.
The volume change which is believed to be due to whole blood expansion of
the liver represents 0.69%, 1. L%, 2.9 %, 5.0 and 7.7 % of the cat's normal
" blood volume of 52 ml/kg. when the infusion was 2.3 ml/kg., 4.5 ml/kg.,

7.9 ml/?g. 12 . ml.kg. and 18 ml/kg. respectively. Since the liver

contains 14% of the blood volume of 52 ml/kg. (table 1), it contains 7.3




ml/kg. of blood. After an infusion of 2.3 ml/kg. , b5 ml/kg., 7.9 ml/kg.,
12  ml/kg. and 18 . ml/kg. thg hepatic volume increased by 0.36 ml/kg.,
0.75 ml/kg., 1.5 ml/kg., 2.6 ml/kg. and 4.0 ml/kg. respectively. Thus, the
hepatic volume éontenﬁ was increased 4.9%, 10.0%, 21.0%, 36.0% and 55.0%
respectively. |

Discussion of the Hepatic Volume Changes

The hepatic volume expansion curve expressed as a percentage of the
blood infused (fig. 13) shows that the maximum réte of pooling blood occurs
ﬁhen the volume of blood infused was between zero and 2.3 ml/kg. This samé
response was also seen in the‘gastrq—intes{inal tract. However, from this
point onwards, the response in the liver was different from that observed
%n the gastro-intestinal tract. The hepatic response did not level out and
become stable but continued to increase in a linéar manner at a slower rate

than that which occurred between zero and 2.3 ml/kg. of the infusion.
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DISCUSSION OF THE SPLANCHNIC VASCULAR BED VOLUME

CHANGES DURING A SLOW INFUSION OF FRESH WHOLE BLOOD
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'DISCUSSION.(SECTION 7, 8.& 9)

General |

. The changes in the volume éf the gastro-intestinal tract, spleen and
liver were measured and they represent the total fluid pooled in each organ.
As ﬁith the hemorrhage experim;nts, the same two questions arise: (1) is the
volume increase in these organs of the‘splandhnic vascular bed due solely to
an increase in blood pooling in the capacitance vessels._or could there also
be some transcapillary fluid movement to cause an increase in the organ's
,.interstitial fluid volume and/or infiltration of this interstitisl fluid
into the plethysmograph and (2) what is the mechanism of pooling of this
bloéd into the splanchnic vascular béd?

Whole Blood v.s. Tissue Fluid Filtration

Gastro-Intestinzl Tract. In the gastro—intestiﬁal tract, net transcapil-
lary fluid movements wculd be expected to occur during infﬁsions wheré'the
portal pressure is increzsed Wiﬁte et al. (1969). However, the mean portai
pressure changes did not increase more than 2.1 mmHé. (8.7 to 10.8 mmHg.)
(table 4), such.minor.changes would only'miniﬁally increase capillary pres-
sure resulting in insignificant net fluid movementsg(qohnson and Hanson, 19663
Wallentin, 1966; Witte et al., 19695. Tﬁis then suggests that the increase
in>v§lume of the gastro-intestinal tract is due mainl; tovwhole blood pooling
into the organ's capacitance vessels.

Spleen, Greenway, Laﬁson and Stark (1968) showed that elevations of the
venous pressure produce an increase in sﬁlenic volume with no evidence of
net transcapilléry fluid movements, Therefore, from this result and from

the data obtained from the experiments described in this thesis where the




portal pressure did not increése mére than 1.3 mmHg.. (6.7 to 8.0 mnHg. )
(table L).and where the splenic weight curve (fig. 13.) showed a maximum
response, it can be concluded that the splenic volume increase observed
is &ue to pooling of blood into the organ's capacitance vessels.

It is generally agreed that the sovleen cdnstitutes a storage system
for. high hematocrit blood. Therefore, the increase in splenic wéight that
occurs is probably due to an increase in blood cells more than whole blood,
Thié ability of the spleen to concentrate blood cells may be the reason
. why the spleen did not react immediately to the infusion. Another reason
why the spleen did not react immediately may be because the mechanism of
splenic constriction and relaxation is through the smooth muscles of the
capsule and trabeculae and not the éplenic capacitance vessels (see intro-
~ duction) and therefore the smooth muscle of the capéule and frabeculae'may
react slower than that found in czpacitance vessels. However, what ever
‘the cause, the result obtained is in agreement with the observations of
Greenway, Lawson and Stark (1968) who observed that splenic weight recovered
slower than flow when sympathetic nerve'stimulation ceased,

Liver. In the liver, net transcapillary fluid movements would bg expected
to occur during the infusion. Greenway and Lautt (1970), by elevatiné the
venoﬁs'pressure by 7 mmHg.; found fhat this caused the hepatic volume to increase
rapidly at first and by 5 - 20 minutes thé hépatic volume increase continued
at a constant Qut lower rate, By the use of 51Cr ~ tagged’red blood cells,
it was possible to conclude that the slower steady rate of volume increase
representeéwfilfration of interstitial fluid into the hepatic plethysmograph.

In this set of experiments, central venous pressure was not measured but
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since it is known that the portal preésure increased 3.1 mmHg., from 8,4

to 11.5 mmHg. (table L), then this increase in portal pressure must reflect
an increase in central venous pressure similar to that observed by Greenway
and Lautt (1970). Therefore, from the above information, it seems reasonable
to éssume that the maximum capacitance response, where the liver is increasing
its volume at a constant proportion with the amount infused, is.reached in
the hepatic bed and is due to the pooling of blood in the hepatic capacitance
vessels. The further increase in volume which is observed (fig. 13) may be
~due to a net transcapillary fluid movement into the hepatic interstitial
fluid and filtration into the plethysmograph, Thus, when 18 ﬁl/kg. of whole
blood was infused, the iiver appearéd to_have pooled 22.0%‘of the infused
blood. However, since filtration is.occurring at a rate of 0,06 ml/min/mmHg./
100 gm liver (Greenway and Lautt, 1970), this value.of 22;0% could be an
overestimgte of abouﬁ 25%. Therefore, the actual percentage of'blood that

is pooled in the hepatic capaciﬁance vessels would be between 16 to 17% of
the blood infused. |

Mechanism of Podling

The mechanism of pooling of whole blood into the: splanchnic vascular
bed could be due to active dilation of ﬁhezcapacitance vessels and/or to
passive dilation due to an increased transmural pressﬁre. In the case of the
spleen; the pooling of splepic blood would be due to active dilation and/or
passive distension of the'splenic capsule and trabeculae instead of its
capacitance vessels (see introduction).

Passive Dilation. In the normal, normovolaemic resting animal, there

appears to be some basal sympathetic tone on the capacitance vessels as
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shown by the redistribution 6f blood volume from the pulmonary to the systemic
vascular bed after administration of an adrenergic alpha-receptor blocking
agent (Rickerson, 1970). This is increased in animals anaesthetized and
subjected to surgery (Chien, 1967). Thus, a part of the pooling during
infﬁsions could involve inhibition of tonic sympathetic activity to the
capacitance vessels, The change in arterial pressure was large,-28.h mmHg.,
(115.8 to 144.2 mmHg.), while the portal pressure change: was small, 2.7 nmHg.
(7 9 to 10.6 mmHg.) (table 4) and the pressure in the inferior vena cava

- was not measured Thus, the role of passive distension is difficult to

assess from this investigation and further experiments are required,

Active Dilation. The mechanlsm of active dilsatiomof the splanchnlc

capacitance vessels or capsule and trabeculae is probably due to the in-
hibition of the basal sympathetic tone that is postﬁlated to be present rather
than to a stimulation of any cholinergic vasodilator fibre activity in which
there is no evidence of or to avdecrease in vasopressin, angiotensin or
adrenal medulla catecholamines levels which have previously been shoﬁn to
cause no significant splanchnic capaciténce response;

The change in arterial pressure was large, a mean difference of?28.h
mnHg, This inérease in arterial preésuré could stimulate the high pressure
'barofeceptors to cavse a reflex decrease in sympathetic nerve traffic to
the splanchnic capacitance vessels causing them to relax and therefore dilsate
as the tranémural pressuré increases with infusion. However, the high pres-

sure baroreceptors seem to have minimal éffects on the splanchnic capacitance

~ bed (see introduction), Also, the increase in arterial pressure (fig. 11)

was not lineer as was the increase in the absolute volume of the splanchnic
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organs (fig. 13). This suggests thaﬁ the high pressure baroreceptors
probably pleyed only a minor role in this reflex.

. Another mechanism by which the above reflex could.Pe initiated is
through low pressure receptors located in the central venous, atrial and
pulmonary compartments. Since central venous pressure was not measured, it
can only be postulated that-infusion of fresh whole blood into ﬁhe inferior
vena cava would increase the central venous pressure. This increased venous
pressure could stimulate theée low pressure receptors which can cauge vaso-
 dilation of the capacitance vessels (Oberg and Thoren, 1973) via inhibition
of'adrenefgic vasoconstricfor fibre éctivity. If the central venous pressure
had been monitored, it may have shoﬁn a linear increase similar to the ;;
splanchnic organ volume increase, Such a linear inérease would fgvor the low
"~ pressure feceptors as the major'afferent pathway involved.

Summery. Therefore, tﬁe aveilable evidence suggests, as a workisg
hypothesis, that pooling of whole blocd inﬁo the splanchnic vascular bed.
durihg infusion is probably due to an inhibition of basal sympathetié tone
to the capacitaﬁce vessels causing then to relax and therefore distend as

a result of increased transmural pressure due to the infusion..




SECTION 11

Total Splanchnic Volume Changes
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DISCUSSION (SECTION 11)

The sum of the volume chénges in the three organs fepresents essentially
thevtotal splanchnic volume changes. These changes during both hemorrhage
and:infusions are shown in figure 16. It can be seen that the splanchnic
bedris able to mobilize or pool 50 - 70 € of the volume of blood removed or
infused respectively. With small hemorrhages up to 2 ml/kg. (4% blood volume),
the.gastro-intestinal tract contributes 23%, the spleen a negligible pPro—
portion of the volume removed, and the liver 16%. When these small volumes
are removed, the small but readily mobilizable reservoirs are presumably
most important, for example, the large veins (Kerr and Kirklin, 1970).

With hemorrhages of 8'ml/kg. (15% blood volume), the splanchnic bed is
clearly an important blood reservoir mobilizing 62% of the.removed volume’
in which 22%, 199 and 21% comes from the gastro~-intestinal tract, spleen

_ and‘liver‘respectively. Another 15% of the removed Blood comes from the
lungs (Magiligan, Oleksyn, Schwartz and Yu, 1972). The remaining 23% of the
blood is mobilized from other reservoirs (table 1) and of: these, skelebal
muscle appears to be of major importance (ILundgren, Lundwall and_Mellénder,
1964).

This data is in reasonable agreement with the data of Brooksby and Donald
(1971), whose work was published during the courmse of this investigation.
Their data were obtained in dogs anaesthetized with cﬁloralose and by sum-
mation of the excess of outflow over inflow to the splanchnic area..After
a hemorrhage of-7,2 ml/kg. over 2 minutes, their average decrease in arteriazl
. pressure was 10 mmHg., as opposed to 13 mmHg, in these experiments, and 544 |
of the volu&é rémoved was mobilized from the splanchnic bed as opposed to
62% in my experiments. This difference may be due to the slower rate of

hemorrhage used in the experiments of this thesis.




The major factor causing a decfease in splanéhnig blood content during
hemorrhage has been concluded to be a vasqconstriction of the capacitance
vessels (see results, section 2, 3 & 4). Brooksby and Donald (1972) favored
a more important'role for passive collapse in their experiments but the
design of thelr experiments favored‘passive responses.. In their experiments,
the 18 second periods of nerve stimulation which they used will markedly
overestimate the passive component since the flow response, and hence the
passive component, is essentially complete within this time while the active
éapacitance response takes several minutes to become maximal (Mellander,
1960 and Greenway, Stark and Lautt, 1969). The obvious approach of
repeating the hemorrhage after section of the splanchnic nerves is also
_ full of pit fells. As Brooksby end Donald (1972) showed and experiments
by Greenwsy and Lister (unpublishéd observations) confirmed, after splanchnicl
nerve section a given hemorrhage causes a much more markéd arterial and
portal hypotension and the passive‘éomponenf of the response to hemorrhage
is increaéed and overestimated., This increazsed hypotension is itself strong
evidence that the spldnéhnic nerves normally cause impprtant active capacitance
responses after hemorfhage since their removal does not markedly affeét
flow responses aftér hemorrhage in cats (McNeil et al;, 19703 Greenway and
Stark, 1971). In skeletal muscle, the situation may be rather different
and passive colla?se secondary to flow reduction may be more‘impOrtant
(Lesh and Rothe, 1969). |

As préviously'despribed, humoral factors causing contraction of the
splanchnic capacitance vessels are also unlikely to be of major importanceo
Thus it seems reasonable to conclude that the predominant pathway causing

constriction of the splanchnic capacitance vessels is that of the sympathetic




nerves. The afferent pathways‘whicﬁ cause activation of these nerves in
response to hemorrhage are unlikely to be from arterial baroreceptors.
Artérial pressure did not change markedly and although there may have been
chaﬁges in pulse pressure, these baroreceptors, which have been previously
diséussed, do not cause marked response in capacitance vessels (Hainsworth,
“Karim and Stoker, 1973; Lautt and Greenway, 1972; Pelletier, Edis and
Shepherd, 1971). Atrial low pressure receptors may be.of greater importance.
These receptors,; which have been previously discussed, have been shown to
markedly alﬁer their firing rate during hemorrhage (Gupta, Henry, Sinclair
and von Baumgarten, 1966) and they are known to cause other responses to
hemorrhage such as renin release (Hodge, Lowe, Ng and Vane; 1971), taéhya
cardia and arterioiar vaéoconstriction (Pelletier et al., 1971; Paintal,

| 1973). Direct evidence of their role in the splenic'contrdction after small
hemorrhages was presented by Pelletier et al..(197l).

Thus the available evidence suggests, as a working hypothesis, that
mobilization of blood ffom the splanchnic regioﬁ during hemorrhage involves
active constriction of the capacitance vessels mediated through a sympathetic
reflex from atrial low pressure receptors.,

The mechanism of the pooling of blood during infusions is not eﬁtirely
clear. As previously described (under the aporopriate result sections), vaso-
active peptides such as vasopressin and angiotensin can be omitted as pos—
sible explanatibns as well és adrenal medullae secretions.,

Infusion of fresh whole blood produced large changes in arterial

pressure, 2é.h mmHg. (115.8 to 144.2 mmHg. ). This pressure change would

certainly stimulate the arterial high pressure receptors to cause a generalized




vasodilation and bradycardia. Howeﬁer, as discussed earlier, the high pres-
sure baroreceptors prébably play only a'minor role in the pooling of blood
in the splanchnic vascular bed. -
| Since central venous pressure was not monitored, it can only be postulated,
that infusion of fresh whole blood into the inferior vena cava would increase
the central venous pressure, Indirect evidende for this comes ffom the
observation that the portal pressure increased 2.7 mmHg. (from 7.9 to 10.6
mmHg. ). This increase inAvenous pressure could stimulaté the low pressure
receptors to cause & reflex venodilation (és discusséd earlier). However,
there is no clear evidence as to the quantitative influence of such reflexes
but logicelly it would éeem reasoﬁable that suéh low pressﬁre receptors
would be able to adjust éentral'venoﬁs pressure and also prevent overloading
' of the heart by relaxing the venous side of the vaséular bed,
Therefore, the available evidence suggests, as a working hypothesis,
that pooling of whole blood into the splanchnic vascular bed during infusion
is probably due to an inhibition of basal sympathetic tonevto the capécitanqe
vessels causing them to relax and therefore distend as a result of increased
transmuralApressure due to the infusion. Just how much of a role passive
distension plays is difficult to assess from our data and further experiments

are required.
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REGIONAL DISTRIBUTION OF BLOOD VOLUME

% BODY WT
SPLANCHNIC BED ’
LIVER 3
SPLEEN 1
INTESTINE & STOMACH 6
MUSCLE 45
ADIPOSE TISSUE : 14
LUNGS 15
SKIN o3
HEART - CHAMBERS
‘ MUSCLE 0-5
 KIDNEYS - 05
REMAINDER 255
100
Table 1

©4BLOOD 9% BLOOD VOLUME
VOLUME  MOBILISED BY NERVES
14 6
12 9
10 4
14 4
n 4
10 o ?
2 1
5 o
5 ;
20 ?

100 - 28

Regional distribution of blood volume: a
tentative tebulation for the cat and dog

(Greenway & Lister, 1974)
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