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The studies presented in this thesis were carried out in cats and address 3 main
objectives. The first objective was to develop new methods to assess the pharmacology of
vasoactive agents

in the hepatic artery GIA), with special reference to the effect of

hepatic arterial buffer response (HABR) on HA responses.

the

It was possible to demonstrate

the confounding influence of the HABR on responses in the HA upon i.v. and i.a. infusions

of glucagon and how to circumvent this effect, thereby fulfilling the first objective. The
second primary research objective was to study the pharmacology and function

in the HA using the techniques

developed pursuing

of glucagon

the first objective.

The

pharmacodynamic estimates of Rmax (mærimal response) and EDro (dose of drug producing
50Vo of. Rmax)

for glucagon in the HA were determined for the first time without

the

confounding influence of the HABR. Comparative studies in the superior mesenteric artery

(SMA) demonstated that glucagon was 9 times more potent in the HA than in rhe SMA
(EDro) and the dilatory efficacy of this peptide (Rmax) in the SMA was double that of the

HA. Functionally, glucagon was tested
systems of the

as an

inhibitory modulator of the extrinsic regulatory

HA and SMA. Glucagon had no effect on nerve- and norepinephrine-induced

peak constrictor responses in either vessel, which is contrary to previous reports, but did

inhibit vascular escape in the HA. It is unlikely that glucagon has major vascular effects at
physiological levels, but these findings may help elucidate the mechanism of vascular escape.
The third objective was to study the effect of chronic bile duct-ligation (CBDL) in the car,
as a model of portal hypertension (PHT) a¡rd to determine the effect of this pathology on the

conffo1 of portal and inrahepatic pressures over a 3 week period. CBDL did not produce

m

PHT afær 21. days, despite the development of hepatic dysfunction, severe histological
disruptions and parenchymal cell injury. A selective impairment of nerve-induced constrictor
responses of the portal and hepatic venous resistance vessels did occur, followed by a parrial

regeneration of the poftal venous responses. Vascular responses to norepinephrine were
potentiated at 3 weeks. Thus, CBDL is not effective at producing PHT after a 3 week period

of biliary obstruction, but does produce some of the cardiovascular complications associated

with PHT without the development of a greatly elevated hepatic vascular resistance.
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PREF'ACE
The liver possesses a wealth of vascular research projects owing to its dual perfusion

by the hepatic artery and portal vein and its capacity to act as a blood reservoir. A vast
number of investigations have been carried out in these areas, but, despite this, the hepatic
vascular bed is still a poorly understood circulatory system. Furthermore, in some instances,

outdated theories

in respect to the regulation

and roles

of this vascular bed are still

maintained. In recent years, however, exciting new advances have taken place at

the

technical and conceptual levels regarding the hepatic and splanchnic circulations.
Reassessment and reevaluation of previously held ideas about the

liver, in light of the new

developments, has become imperative.

In the midst of an hepatic "renaissance" (of sorts), the objectives of my

research

program were to develop and assess methodologies and to apply these procedures to study
and re-evaluate the pharmacology and physiology of the hepatic and splanchnic vascular

beds. To this end, it was necessary to study the hepatic and splanchnic circulations in
several complimentary directions, reaping valuable data and experience. Thus, the work
presented in this thesis

will discuss topics including the development of methodologies for

the accurate investigation and interpretation of vascular responses and intrinsic regulation of

the hepatic artery. Specifically, the unique relationship between hepatic arterial flow and

portal venous flow is a major concern not only in respect to hepatic function, but also in
respect to our ability to conduct meaningful pharmacological and physiotogical research in

this area. Pharmacodynamic analysis of vasoactive agents on the hepatic and mesenteric
arterial beds

will be discussed as well as the physiological or
XW

modulatory role these

compounds may play in the regulation of these vascular beds.

The venous side of the hepatic vascular bed is of great significance, especially in
respoct to the maintenance of intrahepatic prossure which, in turn, has repercussions on the

microcirculation and basic hepatic functions. Dat¿ and discussion on the preliminary
development of a model of feline portal hypertension

will

add¡ess issues pertaining to the

venous system of the splanchnic circulation.
'What follows

is a review of the complexities of the hepatic circulation and the

multifaceted role of the liver in overall cardiovascular and metabolic homeostasis.

XV

INTRODUCTION
The liver is the single largest gland in the human body and weighs approximately
1500 grams in the adult human.

It is located just below the diaphragm and attaches to this

muscle by the falciform ligament.

In the adult, the liver

extends from the right fifth

intercostal space along the mid-clavicular line and down to the costal margin, thus being
encased and protected

by the rib cage. The liver is covered by a thin layer of connective

tissue known as Glisson's capsule. This capsule is composed of type

I

and

trI

collagen

fibres, fibroblasts, and small blood vessels.
Hepatic tissue is a complex labyrinth of interconnected sheets or walls of hepatocytes
referred to as hepatic plates. Using light microscopy or scanning elecfon microscopy, the
morphology of the liver appears as a maze of strips with no particular order. The problem

with such an interpret¿tion is that this network of hepatic plates is presented primarily in
only two dimensions. The true architecture of the liver must be conceptualized in a three
dimensional manner with sheets of hepatic plates interconnecting with others at all angles
and

in all directions. Such a system of interconnecting walls is defined as a muralium (Elias

and Shemick, 1969). Between these plates is a system of interconnecting cavities known as

the lacunae (figure 1). Within the lacunae reside the hepatic sinusoids.
The blood supply to the liver is through the hepatic artery and portal vein. This dual

blood supply renders the hepatic vascula¡ bed unique, not only in anatomical and functional
terms but also in methodologies required to study this circulation. The hepatic aftery, which

is derived from the common hepatic artery, supplies the liver with welt oxygenated blood.
Portal venous blood is the sum total of venous drainage from the spleen, stomach, pancreas,
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STEREOGRAM OF TIVER CELL PtAlES AFTER REMOVAL OF DUCTS,
VESSELS AND CONNECTIVE TISSUE (AccoRolNc ro coNcEPr ot aaNs Etlas)

Figure

1:

Stereogram of liver cell plate structure (without the hepatic blood vessels, tymph

vessels or duct systems) depicting the lacunae within the muraliam of hepatic plates. Note

the random orientation of the hepatic plates (faken from the CIBA Collection of Medical

Illustrations, Vol. 3, Digestive System Part trI, plate 7).

mesentery, and intestine. Portal blood, therefore, is less well oxygenated than hepatic arterial

blood and contains a gamut of absorbed nutrients and compounds from the intestinal tract
and gastrointestinal hormones.

The liver is the main site for the handling of large amounts of absorbed nutrients,
such as amino acids, carbohydrates, lipids, and vitamins, but is also central for detoxification,

bionansformation and elimination

of

ingested pollutants, xenobiotics, and endogenous

metabolites. These detoxification processes occur primarily in the endoplasmic reticulum

of the hepatocytes via the mixed function oxidase system of enzymes (including the P450
cytochromes). The process of bionansformation þhases 1 and

2) makes

nonplolar

compounds more polar thereby facilitating excretion of these substances into the bile or urine

(Gumucio and Chianale, 1988).
Pivotal to the metabolic and biotransformation functions of the liver are the processes

of hepatic uptake and fluid filtation. Most of the approaches to studying hepatic uptake
have been conducted in isolated perfused livers and models of hepatic uptake are primarily
mathematical in natwe. Neither technique has proven to be satisfactory for several reasons.

In

general, the isolated liver

is only perfused by the portal vein and tends to produce

inconsistent results. This is likely due

to abnormal hemodynamics and the fact

that

regulatory systems, such as the hepatic arterial buffer response (see Inrinsic Control of the

Hepatic Artery), are abolished in a preparation perfused solely by the portal

vein.

The

mathematical models, in efforts to reduce the complexity of dynamic flow distribution and
heterogeneity in enzyme distribution and sinusoidal structure, have incorporated inappropriate

or over-simplified assumptions. The current models are the Goresky model, the equilibrium

model and the parallel tube model.

The Goresky model is based on the multiple indicator dilution technique (Goresky,

1981). Briefly, the time emergence in hepatic venous blood of substances injected into the
portal vein is compared with that of substances with a known distribution in blood and
exffacellular and intracellular water. Uptake characæristics of compounds such as saturation

kinetics and intacellular sequestration mechanisms can be determined with this technique
(Goresky, 1981). The major disadvantage with the indicator dilution technique is that to

obtain the dilution curves, 50 ml of hepatic venous blood must be rapidly withdrawn. In
small animals, this can be considered to be a severe, acute hemorrhage and may trigger
unwanted reflex hemodynamic and blood volume responses.

The equilibrium model incorporates the concept of intrinsic clearance, which is the

maximum capacity of the liver to remove a specific compound from hepatic blood in the
absence of any

flow limitations. This model relates hepatic clearance and hepatic blood flow

whereby the influence of blood flow on hepatic drug elimination depends on the intrinsic

ability of the liver to remove the drug (Branch et al., 1973; Rowland et al., 1973; Wilkinson,

L975). With a low intrinsic clearance, blood flow has little effect on elimination half-life
or hepatic clearance. Drug elimination and clearance will depend on flow when the liver has
a high intrinsic clearance for that compound. In this situation, blood flow can be estimated

from the calculated clearance of that drug.
One of the assumptions made in this model is that the substrate in the liver water is

in equilibrium with emergent hepatic venous blood. This implies that the liver cells
equilibrium with the substrate concentration

4

in the hepatic

venous

are in

blood. This tast

assumption is unphysiological. Validation of this model has been difficult and has not been
able to produce consistent results (reviewed by Greenway and Lautt, 1989).

The third model is the parallel tube model in which the liver is envisioned as a single
tube or sinusoid with enzymes distributed along the sides. Substrate concentration declines
along the length of the tube (Pang and Rowland,1977). In this model, constituents in the
hepatic blood are sequentially eliminated as blood passes through the sinusoids and develop
concentration gradients along these vessels (Bass et al., 1976). These gradients, in turn, help

to develop elimination rates for individual compounds. Like the equilibrium model, the
parallel model predicts that

if

subsüate uptake is low due to low metabolic processes, uptake

will not be dependent upon blood flow. Uptake will be flow-dependent when substrate
concentrations are decreased and/or when enzyme activities are high. This model seems to

be inherently more correct than the equilibrium model based, in part, on the estimation of
subsffate concenúation, which

is assumed to be the logarithmic mean of the inflow

and

outflow concentrations of the agent in question. The assumption that the liver can be
represented as a single uniform sinusoid, however, is not valid. This model has been revised

to incorporate heûerogeneity in the sinusoids resulting from differences in blood flow and in
hepatocyte numbers within different sinusoids. This model is known as the distributed
perfusion model @ass et a1., 1978).

Like hepatic uptake, hepatic fluid filnation is fundamental for substrate supply and
metabolic and biotansformation processes in the liver. The liver is well suited for filtration

of plasma and its contents owing to the sinusoidal fenesfae. Hepatic fluid filtation is

confolled according to Starling forces and is described by the equation:
F = CFC [@c - Pi) - r(OPc - OPi)]

F is the net fluid

movement across the capillary wall; CFC

is the capillary filnation

coefficient and is determined by the product of vessel permeabilify and the surface area; Pc
and Pi are the hydrostatic pressures in the capillary (c) and interstitial fluid (i) respectively;
Opc and Opi are the colloid osmotic pressures in the capillary (Opc) and the interstitial (Opi)

fluid respectively. The value r is the protein osmotic coefficient. The major physiological
factor contolling net fluid exchange in the liver is sinusoidal hydrostatic pressure @c) (Lautt
and Greenway, 1987) and as mentioned, fluid exchange and

filtation occurs easily in the

sinusoids due to large endothelial fenestrations. The fenestrae allow free movement of fluid

in and out of the sinusoid, but resÍicts erythrocytes to the sinusoidal lumen (Granger et al.,
1979; Wisse et al., 1985). Albumin filtration is partially restricted but at raised hepatic
venous pressures the sieving effect of the fenestae is reduced and liver exudate has been

found to have a protein content approximattng 907o of that of plasma (Greenway and Lautt,
1970).

The role of the liver is not restricted only to detoxification and bio-transformation of

blood-borne constituents. In addition to excretory functions, the liver is also a major site of
protein synthesis such as albumin and clotting factors. The liver is central to carbohydrate

metabolism, switching between glycolysis and glycogen synthesis (and storage) and
glycogenolysis and gluconeogenesis. Metabolism

of

lipoproteins, cholesterol, ffid

triglycerides are also pivotal functions carried out by the hepatic parenchyma. Related to
this, the liver also produces bile and bile salts which facilitates fat absorption from the gut

and waste excretion. Nin'ogen metabolism, specifically ammonia removal and urea and
glutamine synthesis, are also well defined processes occurring in the liver (Flausinger, 1989).

The liver is a storage site for the B vitamin complexes and vitamin A compounds (retinol
and related compounds) and vitamin

K (Goodman, 1988), as well as the site of vitamin D

hydroxylation and production of vitamin D binding proteins (Holick, 1988).
Apart from the met¿bolic functions, the liver plays a cental role in cardiovascular
and circulatory homeostasis. Owing to the high percentage of cardiac ouþut received by the

liver (257o), and the fact that the hepatic vascular bed is a highly compliant vascular system,
the liver acts as a major blood volume resen¡oir. Approximately 25-30Vo of the liver volume

is blood and the liver is capable of expelling 507o of this blood volume upon sympathetic
stimulation without affecting normal liver functions (Greenway and Lautt, 1989).
Resistance

to blood flow is almost entirely located at postsinusoidal sites in

the

norrnal state; sinusoidal and portal blood pressures are insignificantly different. During
sympathetic stimulation, however, presinusoidal resistance develops such that portal pressure
becomes greater than sinusoidal pressure. The exact location of the postsinusoidal resistance

sites is not known, but

is believed to be located in the small sublobular hepatic veins

(approximately 1.5 mm diameter) although this

is not universally agreed upon.

The

resistance sites are believed to be sphincter-like and have also been shown to be distensible.

The existence of these distensible hepatic venous resistance sites partly protects the liver

from changes in central venous pressure and helps to maintain a constant portal venous
pressure during changes in portal blood flow.

It is clear from this very brief overview of the liver and its processes, that this organ

is central to many regulatory and control systems. The emphasis of the remainder of this
inffoduction will, however, concentrate on the hepatic vasculature.
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The liver is supplied with blood from the hepatic ütery @A) and portal vein. The

HA proper is derived from the common hepatic zrtery which is in turn derived from

the

celiac artery. The common hepatic artery also branches into the gastroduodenal artery at the
siæ

of the T-junction with the HA and common hepatic artery. Occasionally the small

gastroepiploic artery exits from the common hepatic aftery dist¿l to the T-junction of the

HA.
The HA enters the liver adjacent to the portal vein at the liver hilum. The artery
divides into hepatic arterioles which empty into the sinusoids to bathe the liver parenchyma

with freshly oxygenated blood. The branches of the HA also form a rete or network of
vessels known as the peribiliary plexus which surrounds the bile ducts. This plexus has been

identified in several species, including the rat and hamster, but is not present in the human
(Yamamoto et a1., 1985). In man, the hepatic arterioles empty directly into the sinusoids.
The portal vein is derived from the union of the splenic and mesenteric veins which

drain the splanchnic organs. Approximate contributions to portal blood flow from these
organs arc l07o splenic, 207o gastic, L07o pancreatic, and 607o intestinal, but naturally

will

vary depending on the physiological st¿te of the animal (Greenway and Lautt, 1989). The
portal vein supplies the majority of blood to the liver, approximately 707o of total liver flow.

The HA supplies the remaining 307o of blood

flow.

Immediately upon entering the liver,

the portal vein divides into two primary trunks, the left and

9

right. From each of

these two

poftal trunks arise innumerable branches supplying nutrient-rich blood to the sinusoids and
hepatic parenchyma via the smallest vessels of the portal system, ærminal poftal venules.

Along with lymph vessels, bile ducts, and the hepatic nerves, the branches of the portal vein
and HA are encased in layer of hepatocytes collectively known as the limiting plate. The

bundle of vessels, bound by the limiting plate is known as the portal canal. The vessels

within the portal canal are referred

ûo as a

portal triad. V/ithin the confines of the portal

canal, the portal and arterial vessels branch and rebranch. The portal vessels eventually
penetrate the limiting plate via inlet vessels and by this means distribute portal blood into

the sinusoids (figure 2).

Y."2.

The Sinusoids
Sinusoids are specialized capillaries which possess a discontinuous membrane. The

lumen of the sinusoids consists of endothelial cells with flattened processes perforated by
fenestrae ranging in size from 0.1 to 0.2 ¡rm. The fenesfrae a:ranged in groups called sieve

plates @isse et al., 1985).

As mentioned, the sinusoids lie within the cavities (acunae) produced by the maze
of interconnecting hepatic plates. A peri-sinusoidal gap, the space of Disse, exists between
the exterior of the sinusoidal wall and the interior surface of the lacunae (see figure 2).

V/ithin this

space,

microvilli of the hepatocytes, making up the hepatic plates, provide

an

amplified surface area for uptake processes. Solutes within the sinusoidal blood collide with
the endothelial wall of the sinusoids and pass through the fenestrations into the space of
Disse where they make contact with the hepatocyte
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microvilli. Conversely, metabolites

and
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products can exit the hepatocytes, ffaverse the space of Disse, and enter the blood through
the fenestrae.

In man, the system of sinusoids course through the liver plates toward the central
hepatic

vein. Cental veins enter almost perpendicularly into

sublobular veins which

converge to form collecting veins. These vessels unite to form the large hepatic vein.
The diameter and frequency of fenestrae differ in periportal and pericentral sinusoids.
Diameters of fenestrae decrease slightly but increase in frequency as one progresses from the

periportal to the pericental region (Wisse et al., 1985) resulting in a slightly more porous
pericentral region. Fenestrae size is altered under several conditions. Elevated hepatic
venous pressure (Nopanitaya et al., L976), CCI (Fraser et al., t982), endotoxin, and hypoxia

(Frenzel et al., 1977) enlarge these gaps. Alcohol consumption has also been shown to
enlarge fenesfrae but also decrease the number

of these

sffuctures (Mak et al., 1984).

Serotonin and norepinephrine have been reported to decrease fenesffae size @isse et al.,

1985). The possibility that fenestae size may be regulated by actin and myosin filaments

in endothelial cells has been

suggested (Wisse et

al, 1985).

The role of the fenestrae is to increase the permeability of the sinusoids and to
enhance movement of fluid and particles (filnation) between the sinusoid and the space of

Disse. Wisse et al. (1985) has measured sinusoidal size in rats and found that red and white
blood cells are larger than the sinusoids especially in periportal regions. The blood cells
squeeze through the sinusoid, greatly increasing sinusoidal cell inæraction and may also

contribute to the transpoft of particles and fluids in and out of the space of Disse. Two
theories involving this process have evolved, forced sieving and endothelial massage.
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According to the forced sieving theory, red blood cells force the plasma and its contents
through the fenestrae into the space of Disse as this cell progresses through the sinusoid.
Endothelial massage theorizes that white blood cells passing through the sinusoid compress
the endothelial cell lining and the space of Disse lying directly below the endothelial cell.

Fluid within the space of Disse is pushed downstream and flushes out of the space of Disse
through the fenestrae. Afær the white blood cell passes over Íur endothelial cell, the space

of Disse resumes its original

fluid in the sinusoid to be drawn into

shape causing

the

perisinusoidal space (Wisse et al., 1985).

n3.

The Acinus
For many years the hexagonal or classic liver lobule was considered to be the basic

vascular and anatomical unit of the

liver. In

1954, Rappaport et al., presented the concept

of the liver acinus which today is considered to be the microvascular unit of liver function.
The liver acinus is a small parenchymal mass, situated around a central axis consisting of
a terminal portal venule, hepatic arteriole, and bile ductule (portal

triad). The portal venule

and hepatic arteriole give off branches and enter the sinusoids

in a peqpendicular

angle

through the portal triad. The sinusoids radiate from the portal triad toward the central vein

(figure 3).
The acinar sinusoids are divided into three zones. Tnne

I

is located in the periportal

zone sulrounding the triad, and zone 3 is furthest from the triad and closest to the central

vein.

Zone

2

sinusoids are located between zones

1 and

3.

Zone

I

sinusoids and

hepatocytes receive oxygen-rich and solute-laden blood from the portal venule and hepatic
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3:

The acinus according to the description of Rappaport. The acinar parenchymal

mass is situated around a cenfral axis consisting of the terminal portal venuie, an hepatic

arteriole and a bile ductule. Blood enters the sinusoids f¡om the portal and hepatic vessels
and flows sequentially through zones 1,2 and 3 of the acinus. Sinusoidal blood drains into

the central veins located at the periphery of zone 3 hepatocytes (Taken from Lautt and
Greenway, 1987).
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arteriole. Zone 3 sinusoids receive the least oxygenated blood.
The sinusoids in zone t have been found to have a smaller volume fraction and larger
surface-to-volume ratio than those

in zone 3 (Miller, 1981). In agreement with

reports

utilizing corrosion casts, sinusoids of zone 1 are highly anastomotic and toftuous while those
in zone 3 are sraight and radially arranged (Hase and Brim, 1,966). These two observations
suggest that there is an increased probabitity of solutes coming into contact

with endothelial

cells in zone L sinusoids. This would increase the sieving action of solutes through the
sinusoidal fenestrations and increase contåct with the hepatocytes.

T..4"

Metabolic zonation
One essential and inúeresting feature of the acinus concept is that blood flow through

the acinus is unidirectional.

All

hepatocytes in this unit are perfused

with blood originating

from the same axioport¿l venule and hepatic arteriole. Consequently, as the blood moves
through the sinusoid, substances are sequentially extacted or added to sinusoidal blood by
the hepatocytes in a periportal to perivenous direction. The blood is progressively modified,

implying that hepatocytes located at various positions between acinar inlet and outlet regions

will be bathed by blood of varying composition. This results in the acinus becoming a unit

of varying

microenvironments, different

in

terms

of

substrate and enzyme availability,

location and function. From these observations grew the concept of "metabolic zonation"

within the liver acinus, a term coined by Kaø and Jungermann (1976), describing the
observation that different metabolic and catabolic processes appeared to take place in
different regions along the sinusoid. Originally proposed to explain the compartmentation
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of glucose

met¿bolism

in the periportal

and perivenous zones

of the acinus @atz

and

Jungermann, 1976; Katz et aI." 1977; Schmidt et al., 1.978), it is now expanded to include
many more metabolic processes. For example, oxygen-requiring processes such as fatty acid
and amino acid breakdown predominate in the periportal region where oxygen levels
are highest and mitochondria are more populous. Other examples of metabolic functions

existing primarily in the periportal zone are respiratory chain processes and ATP production,
glucose release, glycogen synthesis from pynrvate and bile and urea formation. The
perivenous zone (zone 3) is less well oxygenated and has been found to possess increased
concentrations

of the enzymes involved in

processes such as glycolysis and glycogen

synthesis from glucose. Related to nitrogen and ammonia metabolism, glutamine formation

occrrs in pericenfral regions as well as xenobiotic detoxification. Lipogenesis is also

a

process occurring in the perivenous region (Jungermann, 1988).

Metabolic zonation within the liver acinus
phenomenon; hepaúocytes are capable

is not a static compaftmentalized

of carrying out all of the liver functions.

The

development and regulation of hepatocyte heterogeneity leading to metabolic zonation may
be due to differences

in substrate delivery to hepatocytes

as

well as selective gene expression

of enzymes (Gumucio, 1989). Alternatively, Arber, Ariel and Zajieck et al. (1988), report
that liver cells originate in periporøl regions and progress toward pericentral regions as they

mature. The possibility exists that as hepatocytes move from periportal to pericental regions
they progressively differentiate into more specialized cells (Gumucio, 1989; Grisham, 1962).
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f.5. Lymphatics
The liver has a rich supply of lymphatic vessels which are located on the capsular
surface of the liver and within the substance of the

liver. Capsular lymphatics drain into the

lymph nodes of the lumbar and celiac system or into the thoracic system. In man, lymphatic
vessels have been found to possess valves and constrictions at0.2 mm intervals. Infahepatic

lymphatics wind themselves around the portal vein or form a fine network around the bile

duct. According to Magari (1990), lymph flow can lead from capsular vessels to intahepatic
vessels or in the opposite direction with the latter route predominating in man.

Fine lymphatic capillaries originate in the inærlobular connective tissue and are in
communication with the peri-sinusoidal space of Disse. The peri-sinusoidal spaces are also
continuous with tissue spaces known as the space of Mall (ÏIotta et a1.,1978). Filtered and
tissue fluid in these spaces are drained by the lymphatics.

Under conditions of elevated filtration, the lymphatics prevent edema formation in
the liver by draining the tissue spaces. However, at filtration rates that exceed the lymphatic

ability to collect the filtraæ, this fluid can exit via the liver surface.

f.6.

Nervous Ínnervation
The hepatic vasculature and liver tissue are innervated by two major nerve plexuses,

the anterior and posterior nerve plexuses. The anterior plexus runs along with, and forms

a dense sheath of nerves around, the

HA.

This plexus has been reported to contain

sympathetic and parasympathetic fibres (Lautt and Wong, 1978a, 1978b). The posterior
plexus surrounds the portal vein. The anterior and posterior plexuses join at the junction of

t7

the HA and gastroduodenal artery and enter the

liver.

Nen¡e fibres also run within the

hepatic ligaments. The relative contribution of the anterior and posterior plexuses in reflex
sympathetic vasoconsniction is variable. Data suggest that the anterior plexus accounts for
59Vo

of the response with the remainder accounted for by the posterior plexus and

those

fibres contained in the hepatic ligaments (Lautt, 1981a).
Stimulation of the hepatic nerves results in constriction of the HA, raising of portal
venous pressure and contraction of the liver volume. Details of specific nerye responses in

the hepatic vessels

will

be discussed in later sections (see Nervous Control of the Hepatic

Artery) and have been extensively reviewed (Lautt, 1980a, 1983a; Greenway and Lautt,
r989).

The hepatic nerves arc not resnicted to innervating only the hepatic

vasculature. Parenchymal innewation is present in varying degrees depending on the species.

At the one extreme, it

appears that rat and mouse

liver have the least extensive adrenergic

innervation of hepatocytes @eilly et al., 1978). Guinea pigs, conversely, have been reported

to have an abundant innervation of the portal triads and parenchyma (Metz and Forssman,

1980). Humans have been reported to

possess

highly innervated hepatocytes (Vobin et al.,

1977) as do monkeys, rabbits, pigeons and guinea pigs (Tsuneki and lchihara, 1981). It is

also an interesting observation that

in

species that

do not have heavily

innervated

parenchyma, the number of gap junctions between cells are increased, suggesting a role for

cell-to-cell communication (Forssmann and lto, 1977).
Hepatic nerves innervating the parenchyma are also involved
metabolic functions in the

liver. This area has been reviewed recently

in the control of

(Jungermann et al.,

1987). The data reported in this review however, have been taken primarily from studies
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in the rat using the isolated liver technique. Briefly, sympathetic stimulation of the liver
increases glucose ouÞut, shifts lactate uptake

to ouþut,

decreases urea and glutamine

formation and reduces ammonia uptake. Ketone body production and oxygen uptake were
also reduced. These responses could b€ antagonizeÃby alpha adrenergic blocking agents.

Insulin was able to reduce the effect of sympathetic nerve-induced glucose and lactate
responses. Glucagon-induced glucose elevations were enhanced by nerve stimulation.
Selective parasympathetic nerve stimulation was accomplished by pharmacological
sympathectomy (Jungerrnann et a1., 1987). In these animals, pamsympathetic stimulation
alone had little effect on glucose and lactate metabolism. Parasympathetic stimulation did,

however, enhance insulin-induced glucose uptake/utilization and reduced glucagon-induced
glucose

ouÞut. Stimulation of the parasympathetic neryes by other investigators, however,

has been demonstraæd to affect glucose met¿bolism independently of

insulin.

Shimazu

(L97L) and Shimazu and Fujimoto (1.971) reported a rapid and intense uptake of glucose and

an increase

in glycogen synthetase activity upon vagal stimulation in pancreatectomized

rabbits. In the chemically sympathectomized cat, Lautt and Wong (1978b) reported that
parasympathetic stimulation produced a rapid decrease in hepatic glucose

ouþut. Although

the role of the sympathetic newous system in hepatic metabolism has received greater
attention than the role of the parasympathetic nervous system, the evidence does suggest that
both branches of the autonomic neryous system are involved in hepatic glucose metabolism.
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f1"3.. T'he F{epatüc .Arteny
The hepatic vascular bed is a low pressure vascular system implying that the basal
vascular resistance is very

low. The liver receives approximately

100-130 mvmin/100 g of

blood. Portal flow is supplied and regulated by the oudlows of the splanchnic organs

and

can vary widely under certain conditions. Although the portal vein supplies the majority

hepatic blood flow, the liver cannot regulate portal
the liver is through the

HA. Unlike

flow.

of

The only control of flow within

most arteries that respond to the metabolic requirements

of the tissue it supplies, hepatic afterial blood flow is regulated to maintain toøl hepatic
blood flow at a constant level in response to a fluctuating portal blood flow, regardless of

the metabolic demands. In short, the control of the hepatic blood flow via the HA is
designed to subserve or maint¿in the metabolic homeostasis of the animal rather than the

liver itself (Lautt, 1983b). This conclusion was based on several studies which altered
oxygen supply or met¿bolic activity of

liver. In one of these studies, oxygen delivery

through arterial blood was reduced by normovolumetic hemodilution of venous blood (by

addition of a 1:1 mixture of Ringer solution and dextran 75) in an exffacorporeal blood
reservoir (using a hepatic venous long-circuit methodology described by Lautt, 1,976). In
response to the reduced oxygen delivery, splanchnic arteries dilated yet mean hepatic arterial

conductance remained constant (99 + 57o of control)

(Lautt

1977a).

In another set of studies (Lautt, 1980b), hepatic metabolism was either increased
using 2,4-dinitophenol (Dl.[P) or decreased using SKF-5254. DNP was shown to increase
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liver met¿bolism

as evidenced by a24Vo increase

in oxygen uptake and a significant decrease

in portal venous and hepatic venous FO, and oxygen content. Arterjal flow was stightly
decreased from

its control level and portal blood flow

increased suggesting that the

splanchnic vascular bed dilated in response to the increased metabolic rate. Overall hepatic

blood flow was reported to be 104 + AVo of this conüol level. To compensate for the lack

of increase in oxygen delivery to the liver during the elevated metabolism, the

oxygen

demand was quenched by an increase in oxygen exraction. Had the HA been regulated by

the metabolic demands of the liver,

occur and suggests,

it would

have been expected to dilate. This did not

in fact, that the hepatic

arterial flow

is not dictated by the local

metabolic demands of the liver. SKF-525A was administered to cats to reduce the metabolic
rate and again, total hepatic blood flow remained at the control level (Lautt, 1980b).

In a separate study, the relationship between bile flow and hepatic arterial flow

was

studied (Lautt and Daniels, 1983). The aim of this study was to dissociate the rate of bile

flow from hepatic arterial flow since bile salt-induced bile flow has been concomitantly
associated

with hepatic arterial dilation and metabolic activity. Accordingly, this point

been suggested to account for metabolic conrol of the

has

HA. h this study Lautt and Daniels

were able to show that intraportal taurocholate did not produce simultaneous or equivalent
changes

in bile flow and hepatic arterial flow. This suggested that bile flow and metabolic

rate \Ã/ere not linked to hepatic arterial activity.

It

has since been deærmined that the FIA is regulated by two processes. These

processes are intrinsic and extrinsic regulation.
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Two mechanisms of inn'insic conû'ol of the HA have been defined, the hepatic arterial
buffer response (HABR) and autoregulation.

II.2.A. T'he Flepatic .Artenial tsuffen

In

Respomse

1911, Burton-Opiø reporæd that a reciprocal relationship existed between the

flows of the HA and portal vein. Although he observed that a reduced portal flow would
result in an elevated hepatic arterial flow, this relationship is, in fact, not of a reciprocal
nature; changes in hepatic arterial flow do not produce inverse changes in portal venous flow
or resistance. The activity of the HA, therefore, is to counteract any changes in portal flow.
Stated

in another way, a change in portal blood flow will result in an inverse

change in

hepatic arterial flow (and conductance) to maintain total hepatic blood flow at a constant

level. This relationship has since

been renamed as the hepatic arterial buffer response

(HABR) (Lautt, 1981b) in an effort to focus on the singular nature of the response (that is,
the hepatic arterial response) and the role it plays from a functional point of view (vascular
buffer).

An example of the HABR is illustrated in figure 4 which is a úacing taken from one

cat. The preparation is

such that superior mesenteric arterial

and represents portal blood

(SMA) blood flow is equal to

flow. Point A represents the control state. Point B represents

an occlusion of portal blood

flow.

When portal blood flow drops, there is a simultaneous

increase in hepatic arterial blood flow (the buffer response) and blood pressure. At point C,
despite hepatic arterial blood pressure being mechanically reduced to conÍol levels, hepatic
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Figure

4: An example of the hepatic

arterial buffer response taken from a tracing fi'om one

cat. Blood flow is measured by electromagnetic flow probes. In this surgical preparation,
the only source of portal blood is by the superior mesenteric artery (SMA). Thus, portal
blood flow is equal to SMA blood

flow.

See the text for a description

protocol.
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of the expedmental

arterial flow is still elevated and illust'ates the buffer response without the influence of
raised hepatic arterial pressure. Point D represents the release of the SMA occlusion and

point E represents the return of the parameters to conEol levels.
The role of the HA in this portal vein-hepatic arterial relationship is apparent, it
appears to compensate

for the fluctuation in potral venous blood flow. The exact degree of

compensation or efficiency of the HABR, calculated as the change in hepatic arterial flow

divided by the change in portal venous flow, has averaged 25Vo bat can be quite variable.

It must be cautioned, however, that some aspects of the methodology utilized to study this
phenomenon may predispose the calculated buffer efficiency

to underestimate the

true

capacity of this response. For example, the animals are anesthetized and surgicalty stressed,

which can cause mesenteric constriction and decreased portal blood flow thereby partially
activating the buffer response. The animals have also been splenectomized, which reduces

portal blood flow and may further activate the buffer response. The HA would then be in
a more dilated state which could
response

limit the extent of further dilation and the degree of buffer

by this vessel.

nI.2A.Í, Suggested MechanÍsms fon the tsuffen

R.esponse

Several hypotheses have been put forward to account for the mechanism of the buffer
response, however only one, the washout hypothesis, appears to be consistent

with the data.

The alternative hypotheses will be briefly discussed. A more thorough discussion of these
hypotheses can be found elsewhere (Lautt, 1981b).
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Myogenåc Mechanisrcs

Myogenic autoregulation has been indicaæd to play a role in controlling the HA
(Hanson and Johnson, 1966). Elevations in hepatic venous pressure in dogs were shown to
cause a constriction

in the HA. On the other hand, in cats, raising hepatic venous pressure

by 4.7 mmHg for 5 minutes did not induce any myogenic response in the HA, suggesting
that the HA is not under this form of control (Lautt, 1978).

It is possible that these

conflicting results may be consistent with the proposed regulatory mechanism of the HABR.

Details of this

will be discussed

more fully

in that

section (see Washout Hypothesis).

Furthermore, despite the report by Hanson and Johnson (1966), the observations that portal
venous and intrahepatic pressures are autoregulated (not portal blood flow) would suggest

that these pressures are an unlikely means of controlling the HA (Lautt et a1., 1987b,
Greenway and Lautt, 1988).

Neural Mechanism
Complete hepatic denervation has not been shown to affect the buffer capacity
(Sancetta, 1953; Mathie et al., 1980; Lautt, 1981a) and suggests a purely vascular or blood

borne phenomenon regulating the HA.

Fhysical Mechanisn¡
The physical mechanism of intoducing a slower moving sfteam (portal flow) into the

path of a faster moving steam (tIA) has been suggested to account for the relationship
between portal flow and hepatic arterial flow (Ternberg and Butcher, 1965). This theory,
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however, is not very sft'ong since the buffer response can disappear in the preparation despite
unaitered pressure and flow parameters.

QualÍty of Fortal tslood
There is the possibility that a blood-borne compound in the portal vein can act on the

hepatic arterial resistance sites. We know that a transhepatic route exists whereby agents
added to or infused into the portal vein can affect the HA (Lautt et al., 1984). While this

is ffue, Lautt has clearly shown that the quality of portal blood per se does not control the
buffer response. Altering oxygen content or PO, did not affect the HA to any significant
extent (hemodilution series). Rather, hepatic arteriat conductance correlates with changes

in portal venous blood flow, not oxygen levels. Perfusing the portat vein with blood. rerouted from the vena cava did not alter hepatic arterial conductance or calculated buffer
capacity (Lautt, 1981b).

Froductiom of Metahonítes

As detailed in the description of the liver acinus there is no counter-curent blood

flow in the liver; blood flow through the acinus is unidirectional. Consequently,

any

metabolic byproduct released from the liver parenchyma into sinusoidal blood is washed
downsffeam. There is no chance for shunting of blood back to the hepatic arterial resistance
vessels.
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Washocåt E{ypo&hesüs

The mechanism of the HABR. can be accounted for by the adenosine washout
hypothesis (Laun et al., 1985; Noæ: As an undergraduate student, I was involved with these

studies although these data

will not be presented as a component of this thesis).

The

washout hypothesis states that adenosine, which is a well known vasodilatory agent and has

potent effects on the HA, is produced in the space of Mall at a constant rate, diffuses
through the fluid of the intrahepatic tissue spaces and comes into contact with the hepatic
arteriole and portal venule (figure 5). Adenosine concenfration is regulated by washout into
the portal vein and

HA. If porøl blood flow is elevated,

more adenosine is washed away

with the portal blood. Adenosine levels in the space of Matl decrease and reduce the
concentration of adenosine in contact with the
decrease its

HA.

This causes the HA to constrict and

flow in the face of elevated portal blood flow. Conversely, if portal blood flow

is reduced, less adenosine is washed away and adenosine levels increase in the space of

Matl. More adenosine is available

and leads to a dilation of the HA with a subsequent

increase in hepatic arterial flow and conductance (Lautt et al.,

1985).

Several lines of

evidence support these claims and criteria have been met to indicate that adenosine is a
putative dilator substance controlling the HABR:

1. Adenosine dilaæs the HA; pharmacological analysis of the dose-response curve for
adenosine

in the HA indicates that adenosine could produce a245Vo dilation in the HA from

basal levels (Laun and Legare, 1985). The inta-arterial EDs' of adenosine in the HA was
estimated. to be 0.19 mg/kg/min (Lautt and Lægare, 1985).

2. Portal blood must have access to hepatic arterial resistance vessels. The logic behind this
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5:

Description of the microvascular arrangement of the hepatic acinus in relation to

the washout hypothesis mechanism mediating the buffer response. Adenosine
hypothesized to be produced at a constant rate in the Space of

is

Mall and diffuses into the

portal venules and hepatic arterioles. See the text for a detaiied description of the washout
hypothesis (Taken from Lautt et al., 1985).
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criteria is that if portal venous blood regulates adenosine levels in the region of the hepatic
arterial resist¿nce vessels, portal venous blood flow must also have access to these sites.
Intraportal venous infusions of vasoactive agents, including adenosine, have clearly shown
effecís on the HA (Lautt and Daniels, 1983; Lautt, et al., 1984; Richardson and V/ithrington,
1981).
3. Agents that potentiate the effects of exogenous adenosine should also potentiate the buffer

response. Dipyridamole is an agent that blocks the uptake of adenosine into cells. Lautt et
41. (1985) were able

to show that dipyridamole potentiated exogenous adenosine and also

potentiated the buffer response, that is, an endogenous adenosine-mediated response.

4. Antagonists of exogenous adenosine should reduce or inhibit the buffer response. The

first studies testing this criterion utilized the adenosine blocking agents, aminophylline and
theophylline (Lautt, 1983). These agents, however, also have unwanted systemic effects.
Consequently, the dose required to block exogenous adenosine and the buffer response also

produced systemic effects making their use unacceptable. Another compound, 3-isobutyl-1-

methylxanthine (IBMX) was utilized as an adenosine antagonist but also had several
undesirable systemic effects and a very brief half-tife. Despite these problems, IBMX did
produce a nearly complete block of the dilatory response to inta-arterial adenosine infusions
and decreased the buffer capacity from I9Vo to 5Vo (Lautt et a1., 1985).

8-Phenyltheophylline (8-PÐ, a more selective adenosine receptor antagonist, was

found to be a very effective competitive antagonist to exogenous adenosine (Lautt and
Legare, 1985).

It was also very effective in inhibiting the buffer response which

very stongly that the buffer response is adenosine-mediated.
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suggests

There are t\ão important comments to be made in respect to the washout theory and

figure

5.

First, the statement of location for adenosine production and the assumption that

this substance is produced at a constant rate have not yet been proven, but are consistent
with the action of the buffer response. Second, the location of the adenosine receptors have
been arbitarily placed on the HA (figure 5); the exact sites of hepatic arterial adenosine
receptors (luminal vs extraluminal, or both) has also not been delineated.

Recently, Mathie and Alexander (1990) have questioned the extent
adenosine is involved

to

which

in the buffer response. Using IBh/D( and 8-PT as adenosine receptor

antagonists and dipyridamole to prevent adenosine uptake, these investigators concluded that
adenosine was an important, but not sole mediator of this phenomenon. These investigators

acknowledged using smaller doses of 8-PT compared to Lautt and Legare (1985) and this
may explain why 8-PT was only 49Vo effective in inhibiting the buffer response compared

to a complete inhibition reported by Lautt and lægare. There may also be the

added

complication of a species difference involved in these results since Mathie and Alexander

utilized a canine model and Lautt and Legare used a feline model. Alternatively and
speculatively, there may also be seperate pools of adenosine and adenosine receptors which

may not be easily accessed by the different antagonists or in the doses used; Lautt and
Legare (1985) reported that larger doses

of 8-PT were

required

to block endogenous

adenosine (mediating the buffer response) compared to the doses required to block the
responses

of exogenously infused

adenosine.

Another recent study in the rat (Kawasaki et al., 1990) has also suggested that portal

territory blood flow and hepatic arterial flow are regulated in a manner to allow independent
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changes

in the flow of each vessel. This conclusion was based on the observation of

7

distinct flow patterns of the portal venous blood and HA in response to a series of infusions

of vasoactive agents and a single meal consisting of carbohydrates, protein and fat. While
the authors did not necessarily refute the washout hypothesis for the control of the HA, they

strongly suggested that such a mechanism could not account for the different flow patterns
observed between the portal venous and hepatic arterial

flow in response to the administered

agents. This study, however, suffered from a major technical flaw; all drugs were
administered through the left ventricle which, in terms of drug distribution is, equivalent to
an intavenous infusion

of the agent. This problem will be fully discussed in section Vtr of

this thesis.
The different flow patterns for the portal vein and HA proposed by Kawasaki et al.
(1990), can be accounted for by the adenosine washout theory for the HABR and by the
action of the HABR in response to changes in portal blood flow and the direct action of the
vasoactive agent acting on the HA
and hepatic arterial

itself. Furthermore, that the portal territory blood flow

flow are independently controlled is not consistent with the concept and

consequences of maintaining a constant total hepatic blood

flow

as

will be discussed in the

next section.

As mentioned earlier, when hepatic venous pressure was elevated, Hanson and
Johnson (1966) reported data that was consistent with a myogenic mechanism of control in

the HA, whereas Lautt (1978) found no such evidence.

It is possible that these two

apparently conflicting reports may still be consistent with the adenosine washout hypothesis

for the control of the FIA and that myogenic reflexes do not regulate this vessel. In both

3r

studies, the elevated hepatic venous pressure caused portal venous blood flow to decrease.

Under such conditions, an increase in hepatic fluid filnation out of the peri-sinusoidal space

(including the space of Mall) occurs, resulting in a bulk transfer of fluid out of the liver.
This fluid drains out of the liver by means of the hepatic lymphatic vessels, which originate

in intrahepatic spaces that are continuous with the space of Mall. It is the fluid in this
region that is proposed to cont¿in the adenosine through which the HABR is mediated.
Thus, with an increased rate of fluid filtation in this region, adenosine is washed away into
the lymphatics and total adenosine levels in the space of Mall decline. This could result in
a constriction of the

Despite a decline

HA, and explain the observations made by Hanson and Johnson (1966).

in the total amount of

adenosine

in the space of Mall, the decrease in

portal venous blood flow, observed in both studies, would tend to elevate adenosine levels

(in the space of MaIl) and nigger the HABR, opposing the constriction of the HA, the extent

to which being related to the change in portal flow. Thus, there may be two

processes

simultaneously acting on the HA, one constricting the HA (a filtration-induced decline of
adenosine levels in the space of Mall) and one dilating the

HA (a rise in adenosine levels

induced by less washout in portal venous blood, the HABR). In the study by Lautt (1978),

portal flow was decreased by 42Vo and may have activated a powerful enough buffer
response to fully counteract the proposed filtation-induced constriction of the

experiments

by Hanson and Johnson (1966), portal flow

decreased

HA. In the

by only 26Vo and,

therefore, the constriction of the HA may represent an overriding of the dilatory effect of the

HABR.
The evidence for a washout mechanism of control for the HABR has been well
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supported. Whether or not adenosine is the single mediator of the buffer response has been
questioned, however, to date no other endogenous compounds have been definitivety shown

to be involved in the regulation of the HABR..

If.zA.íi. SignÍficance of fhe ts¡¡ffer Resporase
As the

n¿une

implies, the FIABR acts as a blood flow buffer to prevent excessive

changes in total hepatic flow due to the poæntial wide fluctuations in portal

important

for the

clearance is blood

maintenance

of

hepatic clearance

of

flow. This is

blood-borne compounds when

flow dependent. Of specific concern are the regulatory peptides or

hormones whose levels must be highly regulated and rapidly adjustable. This is
accomplished by rapid turnover or metabolism by the liver in concert with rapid adjustment

of hormonal ouþut by the glandular source. If rapid and consistent turnover is to

be

accomplished, consistency of hepatic blood flow is necessary. Lautt and Greenway (1.987)
state that

if

hepatic blood flow was not prevented from rapid transient changes secondary to

similar changes in portal flow, endocrine homeostasis would be imperiled. Thus, the HA
acts to buffer

flow changes occurring in the portal vein and minimizes the effect that altered

portal flow would have on hepatic clearances.
The buffer may also play a role in overall cardiovascular homeostasis by maintaining
hepatic blood volume (Lautt, 1985; Greenway, 1983; Mathie and Blumgart, 1983). Because
the liver is a major blood reservoir in the mammalian system, active and passive changes in

liver volume can mobilize alarge amount of blood volume into the systemic circulation and
have effects on venous return and cardiac output. Passive changes
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in hepatic volume,

occurring due to decreased hepatic flow, secondary to changes

in portal flow, can

be

compensated for by the action of the HABR.. Thus, a role of the HABR may be to minimize
these passive volume shifts which would,

in turn, minimize the effects on the rest of the

cardiovascular system (Lautt, 1985).

Finally, the buffer response plays a significant role in oxygen delivery to the liver.
Previous reports (Mathie and Blumgart, 1983) suggest that the degree of buffer observed in

their preparation held oxygen levels steady, despiæ the decrease in portal flow. Furthermore,

under conditions

of

severe sffess, such as hemorrhage, the buffer may only partially

compensate the change in portal

flow, but supplies the liver with a highly oxygenated source

of blood. Thus, although the buffer response has an important role in oxygen delivery to the

liver,

it is controlled by changes in portal blood flow, not oxygen requirements

(-autt,

1983b).

The HABR thus represents a unique contol system in which overall metabolic
homeostasis of the organism is served above and beyond the local oxygen demand required

by the liver itself. The adenosine washout theory as the regulatory mechanism of control

of the hepatic artery has been strongly supported. This is not to imply that other factors,
such as vasoactive agents in the arterial or portal blood, or nerve and reflex responses cannot

influence the buffer response.

II.zts" Autonegulatiora of Éhe Flepatic A.núeny
Autoregulation of the HA is the second inrinsic regulatory process of the HA, and
should not be confused with the buffer response. Autoregulation is a relationship between

34

arterial perfusion pressure and blood flow, the buffer response is not"
Hepatic arterial autoregulation is weak and is under the control of local adenosine
levels (Ezzat and Lautt, 1987). The mechanism governing hepatic arterial autoregulation is

very similar to that of the HABR. Like the buffer mechanism, adenosine is produced at a
const¿nt rate in the Space of MaIl, diffuses to the FIA and is washed away into the hepatic

arterial blood. \iVhen perfusion pressure increases, arterial blood flow also increases and
washes away more adenosine leading to a reduction

in the adenosine levels in the Space of

Mall. This, in turn, decreases the concentration of adenosine coming in contact with the HA
and causes the vessel to constrict. Thus, adenosine levels are also determined by washout

of this compound, except that in the case of hepatic arterial autoregulation, it is arterial blood
that washes away adenosine, not portal blood (Ezzat and Lautt, 1,987).

nI.3. Extrinsic Control of the Hepatic .Arteny
Exninsic control of the HA is under the influence of neural inputs, possibly

a number

of blood-borne compounds, and the compounding impact from the buffer response. Details

of the influence of the buffer response on the extinsic contol of the HA witl be discussed

later. This discussion will focus on the neural and humoral influences.

Iï.34.

Nervous Control of the E{epatÍc Artery
The HA is abundantly innervated by the hepatic anterior and posterior plexuses. The

hepatic neryes are a combination of parasympathetic and sympathetic fibres. Direct electrical

stimulation of the atrterior nerve plexus elicits frequency-dependent constriction of the HA
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with a maximal stimulation frequency of 8-12 F{z in dogs and cats (Greenway et a1.,1967).

In cats, using frequency-response curves for nerve stimulation of the hepatic nerves, it

was

found that 2 Hz frequency stimulation was a good estimate of the Hzro (the frequency that
produces 50Vo

of the maximal constriction) for constriction of the HA (-ockhart et al.,

1988). The vasoconstriction elicited upon nerve stimulation has been determined to

be

mediated by alpha adrenergic receptors (Greenway et al., 1967). It has also been shown that

a dilation of the HA can be produced upon nerve stimulation when alpha receptors are
blocked with phenoxybenzamine. The dilation can be inhibited by the addition of beta
blockers (Greenway and Lawson, 1969).
Maintained stimulation of the hepatic nerves or norepinephrine infusion results in an

initial peak vasoconstiction of the HA in cats which occurs within 1-1.5 minutes after
conìmencement of stimulation. With continued stimulation, the blood flow response of the

HA (in an intact preparation) returns toward the baseline despite the maintained stimulus.
This response eventually plateaus after approximately 3 minutes of stimulation and is known
as vascular escape. The phenomenon

of vascular escape is unusual in as much as it has been

reported to occur in several species, but is not consistently present in all vascular beds. For
example, vascular escape has been reported to occur in the intestinal and hepatic vascular
beds of the

cat. In dogs, vascular

escape is observed

such response has been reported in the

in the intestinal vascular bed, but no

HA (Greenway,

1984a).

It is reasonable to surmize that the role of vascular escape appears to be the
prevention of excessive and prolonged vasoconsfriction which could lead to tissue ischemia
and

hypoxia. The mechanism(s) of this response is not yet clear, but some ideas have been
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put forth (Greenway, 1984a). Recently, R.emak et al. (1990) proposed that neurogenicallyinduced escape may be due to afferent nerve fibres releasing vasodilatory peptides during

stimulation. It has also been purported that vascular escape may occur in response to

an

inhibition of oq-adrenoceptors by a local elevation in H* ions taking place during the
constriction (Chen and Shepherd, 1991). In an investigation wherein adenosine deaminase
was found to partially inhibit vascular escape, adenosine was implicated as having a role in

this phenomenon (Crissinger et al., 1988). Other reports do not suppoft this claim (Lautt et

al., 1988b). The degree of vacular escape has been posfulated to be directly related to the
intensity of the initial constrictor response (Folkow et a1., 1964a). This observation, and
studies that claim to have modified the degree of vascula¡ escape, must be viewed with some

caution especially

if

the escape index has been calculated using vascular resistance.

possible that calculations

of

vascular escape and vascular tone may

It

is

be subject to

mathematical artifacts if resisønce is used, rather than conduct¿nce (the inverse of resistance)

(Lautt, 1989). This is based on the observation that resistance is nonlinearly related to blood

flow

and conductance is linearly related to

flow. Thus, when calculating vascular

responses

where blood flow changes, the use of resistance may induce an arithmetic error due to its
nonlinear relationship with

flow.

These problems can be circumvented

if

conductance is

used. This topic and that of vascular escape is a subject of study and further discussion in
this thesis.
Although the hepatic nerves are involved in the metabolic and active hemodynamic
functions of the liver, it appears that hepatic arterial resistance vessels are not under chronic

control of these nerves in cats (I-autt, I977b: Lautt and Ca:roll, 1984) dogs (Cohn and
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Kountz, 1963; Mundschau et al., 1966) and rats (Ozier et al., 1989). Assessment of
complete chemical denervation by phenol under acute or chronic conditions has been
obtained and supports the lack of tonic contol of the hepatic nerves (Lautt and Caroll,

1984). In the rat study (Ozier et al., 1989), surgical denervation, including sectioning of the
hepatic branch of the vagus and cutting of the liver ligaments, was not found to disrupt basal
hepatic and systemic hemodynamics. In contast to these reports, Henderson et a1., reported
that hepatic blood flow (1989) and cardiac output (1,992) are chronically elevated after liver

ffansplantation

in man (studied 3 and 8 months and 1

and

2 years post-transplantation).

Because tansplanted livers are completely denervated, Henderson suggested that this
increase

in blood flow may be due to a lack of

vasculature

normal vasomotor tone

in the liver

or to a hepatic-mediated neural feedback control system that regulates

the

splanchnic circulation. Alternatively the increased hepatic blood flow and cardiac output

may possibly be due to a persisting hyperdynamic circulation caused by advanced pretransplantation liver disease.

XX.3ts, Flumonal Contnol of the F{epatic A,ntery

The potential for humoral control of the HA is great; portal blood is rich in agents
released

or

secreted into portal blood and portal blood has access

to hepatic

arterial

resistance vessels. It is possible that any vasoactive agent or metabolite in portal blood can,

in part, affect hepatic arterial blood flow. Although this may appear to confound
concrete conclusions as to the specific humoral regulators of hepatic flow,

any

it is possible to

exclude some factors. Vasoactive gut hormones and many autacoids have been frequently

38

tested for their actions on the hepatic arterial resistance vessels. Many of these compounds

do not appeff to have vascular actions at their physiological concentrations. This includes

VIP, insulin, serotonin, bradykinin, and histamine @ichardson and Witlrington,
Agents that may contribute to the control

of the HA include the vasodilators,

1981).

gastrin,

secretin, and possibly cholecystokinin @ichardson and Wittrington, 1981). Epinephrine,
angiotensin, and vasopressin may have some effect although any actions would be weak at

best. Whether prostaglandins or other a¡achidonic acid met¿bolites have any effect on
hepatic arterial regulation is not known. Bile salts are also a $oup of compounds with
potential to modulate the HA. Reabsorbed and recirculated via the enterohepatic circulation,

bile salts clearly gain access to the HA through the portal blood (Richardson

and

Wittrington, 1981). Direct infusion of taurocholate into the HA or mesenteric artery

has

been shown to produce dose-dependent dilations

of the HA (Lautt and Daniels,

1983).

Similarly, portal venous infusions of taurocholate dilate the HA but to a lesser extent than
direct inta-arterial infusion (Lautt and Daniels, 1983).
Adenosine and glucagon are also of interest in this regard due to their ability to dilate

vascular smooth muscle and reports of their modulatory action of vasoconsniction

(see

Modulation of Hepatic Artery).
Part of the problem with determining the influence of humoral factors on the HA, in

addition to the multitude of potential agents, has þen the methodologies used to investigate
this area. Many studies have been conducted without consideration of the possible influence

of the HABR. As

a result, investigators have reported the results

of

a vasoactive agent that

initially alters portal blood flow (secondary to affecting splanchnic blood flow) thereby
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producing an opposite or unexpected response

in the FIA. Many of the earlier studies

reported results from responses to bolus injections of compounds. Interpretation of these
results can be confusing or misleading because the agents do not reach steady state levels.
Instead a large highly concentrated wave of this compound interacts with the hepatic arterial

resistance vessels and produces

a large short-lived response which is not

necessarily

representative of the true pharmacodynamics of that agent (Lautt et al., 1988a).

nn.4. ModulatÍon of Flepatic Arterial R.esponses
Regulatory systems governing vascular responses are integrated and coordinated so
that proper perfusion and metabolic homeostasis of the perfused tissue is maintained. These
systems can be modified, modulated or fine tuned by local chemical or physical factors to

produce the final vascula¡ response. In most vessels it is the sysmpathetic nervous system
that regulates much of the vascular activity and

it is these nerves that are often the target in

vascular modulation. The nerves can be affected at the pre-junctional terminals, generally
by altering neurotransmitter release, or at the post-junctional site. Acidosis, hyperosmolality,

elevations

of

potassium concentation and norepinephrine itself (via pre-junctional oq

adrenceptors) have all been shown to inhibit norepinephrine release from sympathetic nerve

terminals. Circulating humoral agents such as adenine nucleotides and adenosine,
acetylcholine, histamine, serotonin have been documented to reduce or inhibit noradrenergic
ffansmission (Shepherd and Vanhoutte, 1985).

The nerve-induced constrictor response in the HA can be inhibited by adenosine
(Lautt and Legare, 1986). This is in addition to the observations that adenosine also inhibits
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vasoconstriction induced by norepinephrine, vasopressin, and angiotensin (Lautt and Legare,

1986). The effect of adenosine in the F{.4 is consistent with a postsynaptic mode of action.
Adenosine does not affect the resistance vessels

of the portal venous or hepatic venous

system (Lautt and lægare, 1986).

m.44,

Glucagom

Glucagon is a 29 amino acid polypeptide (molecular weight 3435) produced in the

A-cells of the Islets of Langerhans of the

p¿mcreas

(figure

6).

Glucagon is produced by a

series of proteolytic cleavages from an 18-19KDa polypeptide precursor, proglucagon and

is also rapidly and efficiently degraded by proteolytic action in the liver, kidney and in the
plasma with a half-life of approximately 3 to 6 minutes (Jaspan et al., 1981; Emmanouel et

al., 1978; Unger and Orci, 1981). Glucagon is released directly into the portal blood by
exocytosis. Thus, the liver parenchyma, portal venules and hepatic arterioles are subjected

to the highest levels of

endogenous glucagon; portal blood glucagon levels have been

reported to be between 160 pg/ml to 5000 pøml @lackard et al., 1974: Felig et al., 1974)
and basal systemic plasma levels are estimated to be

in the tange of 100 pglrnl to 350 pyrnl

(Smitherman et al., 1978).

Glucagon has been

of interest for its role in liver-related metabolic

processes,

specifically glucose metabolism and its ability to produce ketones as an alternate energy
substate in periods of starvation and fasting (Unger and Orci, L976), but also because of its
cardiovascular

effects. This peptide has long been known for its ß-adrenoceptor-like

cardiotonic effects (Farah, 1983), but our interests have been related to its vasodilatory
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Figure 6: The amino acid sequence and structure of glucagon. Glucagon is a29 amino acid,
single chain polypeptide with a molecular weight of 3485 (faken from Karam, 7981; Larner,
1985).
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actions on arterial smooth muscle and poæntial for modulation of the hepatic vascular bed.
Glucagon has been reported to dilate the FIA in intact preparations upon intraarterial and

infraportal infusions (Richardson and Witlrington, I976a, 1978a), the mesenteric vascular
bed during inffavenous, intaarterial and intraportal infusions (Kock et a1., 1970b; Tibblin et

aJ.,7970; Madden et al., 1971, Premen, 1987) and renal arteries in response to inffavenous

infusions (Kock et al., 1970b). When given intravenously, glucagon has a selectivity for
dilating the splanchnic vascula¡ bed (Kock et al., 1970b). It is also interesting to note that

while inüavenous glucagon dilates the mesenteric vasculature, it has also been reported to
constrict the HA at the same time (Ross 1970, Krarup and Larsen,1974) despite the well
documented dilatory effect of glucagon on the HA during intraarterial administation. This

is likely due to the action of the HABR, which would tend

apparent inconsistency

to

consffict the HA in response to the glucagon-induced rise in mesenteric and portal blood

flow. This concept will

be tested and discussed in greater det¿il later in the thesis.

Glucagon has also been reported to inhibit nerve and norepinephrine-induced peak
constrictions of the hepatic and mesenteric artery of dogs (Kock et al., 1971,, Tibblin et al.,

I97l:

Richardson and Withrington, 1976b, 1977,I978a). Doses

in these studies were,

however, extremely large and in many instances were bolus injections and therefore did not

reach steady st¿te concentrations. These findings have not been reproduced
(Greenway, 1981a) and

will

in

cats

be the subject of study and discussion in this thesis.

II.4^4..i. Glucagon Recepton and Second Messenger System
The structure of the glucagon receptor has not yet been fully determined, but
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it has

been reported to be a 60 KDa glycoprotein located on the plasma membrane. Glucagon-

receptor interactions result in an increase in the second messenger, oAMF (Sutherland et al.,
1968) although recent studies have revealed that a second glucagon receptor may exist which

is linked

úo

the generation of diacylglycerol (DAG) and inositol trisphosphate (IPr) (Murphy

et al., 1987). The relaxant effect of glucagon on vascular smooth muscle has been linked

to cAMP generation. Phosphodiesterase inhibitors were shown to potentiate this effect of
glucagon in isolated vessel preparations (Gagnon et al., 1978; 1980).
Glucagon-induced responses have also been linked to calcium activity, but the results

of investigations in this area are mixed. Friedmann and Park (1968) reported an increase in
calcium efflux from the liver, suggesting a net output of calcium from the hepatocytes. kt
isolated hepatocytes, calcium uptake was reported to be increased (Andia-Wattenbaugh et
a1.,

1978). Elevations in intracellula¡ calcium have been reported (Sistare et al., 1985) and

may possibly be due to a combination of extracellular calcium influx and release from
inffacellular calcium stores, presumably the endoplasmic reticulum (Combettes et a1., 1986).
The inffacellular release of calcium may be induced by a glucagon-mediated rise in cAMP
and activation of A-kinase which may be the mechanism for calcium release (Staddon and

Hansford, 1989). IP, levels have also been reported to be elevated by glucagon and
glucagon analogues in cAMP dependent and independent mechanisms which can unlock

intracellular stores of calcium (Combettes et al., 1986; Wakelam et al., 1986). In vascular
smooth muscle, increases in intracellular calcium would tend to promote activation of the
contractile apparatus and produce an increase in tension or vasoconstriction. Gagnon et al.

(1980), using the rabbit renal artery, has shown, however, that glucagon may actually
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decrease intracellular calcium levels by extruding this ion from the smooth muscle cell,
thereby contributing to relaxation of the vessel. This work has also led to the suggestion that

the glucagon receptor may be linked to a calcium channel. Thus, the data would be
suggestive of an essential difference between hepatocytes and vascular smooth muscle in
respect to the action glucagon has on calcium

activity. However, the increase in calcium

uptake reported by Andia-V/alænbaugh et at. (1978), was linked to a calcium sequestarion

mechanism by the mitochondria which is clearly a means of decreasing cytosolic calcium

levels. The report by Combettes et al. (1986), that there was a release of calcium from
intracellular stores was also found to be related to an activation of a plasma membrane
calcium pump and an efflux of calcium from the

cell. Calcium efflux from the cell into a

calcium free medium was taken as a measure

of the rate of calcium

endoplasmic reticulum.

It can also be interpreted

release from the

as a means of ridding the cell

of free

cytosolic calcium. This information, considered in conjunction with the general observation

by Friedmann and Park (increased efflux of calcium from the liver) and Gagnon's work,
suggest glucagon may induce a reduction

of cytosolic calcium in both hepatocytes and

vascular smooth muscle. This area is still under investigation and a definitive answer is
pending.

nI.4A.Ít. Glucagom-Like Innmunoreativity (G[,Ð
Several glucagon-like compounds which immunoreact to glucagon anti-serum have

been identified. Glicentin, a 100 amino acid polypeptide is found
pancreas along

in the A-cells of

the

with glucagon and in the L-cells of the intestine. The L-cells of the intestine
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also secrete enteroglucagon, a glucagon-like immunoreacting compound, and along with
glicentin, are considered to be a family of glucagon-like polypeptides. The L-ce1ls of the
intestine appear to lack the proteases required to produce glucagon from glicentin and
enteroglucagon. Biological activity of these glucagon-like compounds has been reported to
be less potent than glucagon (Holst, L975: Sasaki et al., 1975). Glucagon has also been
found to contain homologous amino acid sequences with vasoactive intestinal peptide (VP),
gastrointestinal inhibitory peptide (GIP) and secretin @rown and Otte, 1978; Dockray, 1979)
and suggest the possibility that these compounds developed from a cofitmon peptide ancestor.

Glucagon also has an extemely well conserved structure with identical sequences shared
between human, rat, bovine, porcine and rabbit glucagons. Moreover, mammalian and
chicken glucagon have only a single residue difference (Dockray, 1979).

II.4A.iii" Regulation of Glucagon
As a general st¿tement,

it

Release

can be said that the plasma glucose level is the main

regulator of glucagon levels; low levels of glucose stimulate the release of glucagon and high
levels reduce glucagon output in
glucose

in the plasma to

a

joint effort with insulin to maintain an adequate level of

sustain the activity

of the animal. However, this is a rather

simplistic veiw of how release of this peptide is controlled; regulation of glucagon levels is

a complex and highly regulated

evenl In the Islets of Langerhans where

the glucagon

secreting A-cells are located, insulin secreting B-cells, somatostatin producing D-cells and

pancreatic peptide secreting PP-cells also exist $ttatthews and Clark,

glucagon and somatostatin are

in a unique local paracrine
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1987). Insulin,

relationship whereby each

compound has some degree of cont'ol over the production of the others. Glucagon has

stimulatory effects on insulin and somatostatin release while somatostatin has inhibitory
effects on glucagon and insulin secretion. Insulin, which is also under the control of plasma

glucose levels, does not appeil to have any effect on somatostatin release but has been
shown to be inhibitory towards glucagon (Unger and Orci, 1981). Thus, even at the local

level, glucagon release is balanced by a number of factors.
Exninsic factors such as neuronal input, circulating factors and ingested food also

play a role in glucagon release. Parasympathetic and sympathetic neryes innervate the
pancreas (Matthews and Clark, 1987; Yamaguchi, 1992). Cholinergic (Kaneto et al., 1981;

Bobbioni et al., 1983; Ahren and Lindquist, 1986) and sympathetic (Marliss et al., 1973;

Holst et al., 1981; Bloom and Edwards, 1985; Ahren et al., 1987) activation have been
shown to release glucagon, with norepinephrine (Ribes et a1., 1984; Ahren et al., 1987) and

acetylcholine (Kaneto and Kosaka,1974) producing a similar response. There is evidence

that the acute rise

in glucagon levels is

mediated

by ß-adrenoceptors in dogs

during

hemorrhage (Lindsey et al., 1975) and upon ß-adrenoceptor agonist administation (Kaneto

et al., 1975; Ahren and Lindquist, 1987). In contrast to the findings from Lindsey er al.
(7975), however, is a report from Lautt et al. (1982) which found that glucagon levels

initially decreased upon hemorrhage and only became elevated after 90 minuúes at
maintained blood pressure

of 50 mmHg. There is also

a

accumulating evidence that cr-

adrenoceptors are also involved in glucagon secretion in mice, dogs, rabbits, sheep and goats
(Skoglund et al., 1987; Samols and Wier, 1979; Muggaberg and Brockman,1982: Knudrzon,
1984; Oda et a1., 1986) despiæ reports to the contrary in dog, man and rats (Iversen, 1973;
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Gerich et aI., 1974; Narimiya et a1., 1981; Schuit and Pipeleers, 1986). In a recent study by

Skoglund

et al. (1987), the authors used selective ø, and oq adrenoceptor

phenylephrine and clonidine to implicaæ both receptor types

agonists,

in activating the release of

glucagon in the murine model. The elevations, however, were quite small; the highest dose

of phenylephrine (50 nmolkg) roughly doubling glucagon levels (approximately 150 pglrrú
to 300 pgrnt) and clonidine raising levels from approximately 150 pg,/Írt to 200 pglmt and
raises questions as to the extent to which these receptors are involved.

Hormones released during sffess, epinephrine, cortisol (Marco et al., 1973), growth
hormone

(Iai

and Pek, 1976) and endorphins

At meal time, anticipatory stimulation of

(pp et al.,

1978) stimulate glucagon secretion.

glucagon release may occur, but much of the

glucagon response depends on the amount of carbohydrates consumed. Large amounts of
carbohydrates

elicit a greater rise in insulin than glucagon to prevent

postprandial

hyperglycemia and favors hepatic accumulation of ingested glucose (Shulman et al., 1978).

A protein meal will stimulate a larger rise in glucagon compared to insulin. V/ith

a higher

glucagon secretion, hepatic glucose production increases and prevents a hypoglycemia arising

from the protein-induced insulin secretion (Unger et al., 1969; Felig et at., 1,976). Oral or
intravenously administered amino acids, either alone or in combination with other amino
acids are glucagon-stimulating (Unger and Orci, 1,976).

XX.4ts. Other FotentÍa[ Modulatons

Ylhether other endogenous compounds are capable

of modulating

nerve-induced

constriction of the HA is not known. Certainly there is the potential for such interaction.
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Of particular interest are the arachidonic acid metabolites. Stud.ies have shown that the gut
is capable of contributing large amounts of prostaglandins and thromboxaries into the pofial

blood. Iwai et al. (1988; Iwai and Jungermann, 1987) have suggested that prostaglandins
and thromboxane

A may partialty

mediate

or modulate

nerve-induced metabolic and

hemodynamic responses in the rat liver. However, these studies were carried out in in situ
perfused rat livers with erythrocyte-free perfusate and perfused only through the portal vein.

The results, therefore, can only be considered in respect to the portal resistance vessels and.
cannot be directly exffapolated to the HA.
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Portal venous pressure is regulated by presinusoidal and postsinusoidal resistance site s

in the liver. The location of the presinusoidal

resistance is believed to be

in the portal

venules. The site of postsinusoidal resistance has not been definitively agreed upon.

XXI"f.. FostsinusoÍdal ResÍstance

It was previously held that the major

site of resist¿nce to portal venous flow was in

the portal venules and that the pressure drop from the portal vein to the vena cava occurred
across presinusoidal

sites. This belief was held despite the observations that wedged hepatic

venous pressure and portal venous pressure were reported ûo be similar (Child, 1954). These

conclusions were drawn on the assumption that wedged pressure

did not represent

innahepatic pressure. Rather it represented an upsteam presstue transmitted through a static
column of blood produced by the occlusion of the ouflow vessel by the measuring cannula
(Groszmann and Atterbury, 1982). The pressure being recorded was the pressure at the fhst

site of the hepatic collateral vessels, which, according to Wanless et al. (1981), were the

portal venules, and according to Groszmann and Atterbury, were the sinusoids. In the
normal liver, evidence suggests that collaterals exist throughout the liver including hepatic
veins proximal to the hepatic venous resist¿nce sites (Lautt et al., 1986). Lautt et al. (1986),
have demonstrated postsinusoidal resistance sites in the cat by passing a sealed tip catheter

with side-holes into the vena cava via the jugular vein. As the catheter entered the hepatic
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veins, the pressure recorded from the catheter was equal to or similar to cenh'al venous
pressure being simultaneously recorded. F'urther advancement of the cannula resulted in a
sudden rise of the recorded pressure to portal venous pressure. The cannula was found to
be residing in third order branches of the hepatic

vein. It was concluded that the cannula

had passed through a narrow region of the hepatic vein which represents the major resistance

sites to portal venous

flow. This is consistent with reports by Greenway et al. (Greenway

and Oshiro, 1973; Greenway et al., 1985), who pioneered the use of the hepatic venous

cannula described

above. Deysach (1941) reported

anatomical, physiological and

pharmacological evidence suggesting that the sublobular hepatic veins are the major site of
vascular resist¿nce to hepatic blood flow in the cat. The hepatic venous resistance sites in

the cat constrict in response to norepinephrine, angiotensin, âfld sympathetic

nerve

stimulation in dose and frequency-dependent manner (Lautt et al., 1987a).
The pressure recorded from the sealed tip cannula in the studies by Lautt has been
defined as lobar venous pressure (LVP) and represents a true physiotogical pressure and a
measure of intrahepatic pressure which, in the normal state, is very similar to, or equals,

portal venous pressure. It is different from wedged hepatic venous pressure in several ways.
The cannula is not wedged at the site just proximal to the resistance site. The cannula tip

is sealed and records pressure from side-holes several mm back from the tip. Lautt assumes
that the ability to measure pressure proximal to the resistance sites but distal to the sealed

tip is dependent upon a collateral circulation proximal to the resistance sites.
In a comparative study, Legare and Lautt (1987) repeated the lobar venous pressure
studies in the dog and reported similar results. The difference in the dog studies was that
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the site of resistance was located downstream in the larger terminal portion of the hepatic

vein. This is consistent with previous investigations in the dog @alker,

1960; Lautt a¡d

Legare,1987) and with reports that the dog possesses a large amount of smooth muscle in
the caval ends of the hepatic veins (Arey and Simonds, L920: Bauer et al., 1932). This
would appear to set the dog apart, morphologically, from most species, includ,ing man, cats
and rabbits (Arey, 1941,; Deysach, 1941). However,

in

1973, Greenway and Oshiro had

excluded the large hepatic veins as sites of increased resistance in response to histamine and

norepinephrine in dogs. Rather, they suggested that these agents likely acted at the level of

the sublobular veins of the hepatic venous system. Walker (1960) and Lautt and Legare
(1987) on the other hand, reported that histamine produced constrictions of the hepatic veins
near the ostia of the vena cava. In the dog, the resistance sites respond to the same agents
noted in the cat studies, but also consfict in response to histamine (Lautt and Legare,lgBT).

Recently, Bohlen

et al.

(1991), raised arguments against the contention that

postsinusoidal sites constitute the major siæ of resistance to hepatic

rabbits, using
pressure

a

flow. In dogs, rats and

micropuncture technique, these investigators recorded hepatic venous

to be intermediate

between PVP and caval pressure and concluded that

postsinusoidal resistance contributed only 307o of the total resistance across the liver (pvp-

ryCP) at rest. In a following study by Maass-Moreno and Rothe in dogs (1992)(also coauthors on the study by Bohlen),

it

was reported that hepatic venous pressure and LVp

(measured using catheters) were insignificantly different from each other, but significantly

larger than CVP. However, they concluded that hepatic venous pressure was effoneously

high due to technical artifacts, namely, a catheter-induced increase in resistance to flow
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which produced the elevated intrahepatic pressure. Both of these studies have, however,
several inconsistencies at the æchnical and conceptual levels which leaves their results in

question. For example, the micropuncture technique used by Bohlen et al. lacks serious

validation and appears

in this instance to b€ a very difficult technique to

use.

Norepinephrine infusions also produced suspiciously poor PVP responses in the dog and rat

which questions the apparatus involved and the viabitity of the preparation per se. In the
report by Maass-Moreno and Rothe (1,992), the argument for an artifactually raised hepatic
venous pressure is simply not substantiated by their data.
Henriksen and Lassen (1988) suggested that as an altemative to the hepatic veins, the

major site of resistance to hepatic blood flow may be provided primarily by the confluence

of the sinusoids with central veins. A shortcoming of this hypothesis is that it is unclear
whether the sinusoidal-central vein junction would be capable of active responses.
There is a good deal of evidence supporting the concept that postsinusoidal sites are
the major sites of resistance to hepatic blood

flow. The exact location of these

sites and

their histological constitution is debatable, but there may also be a species-specific aspect

to this debate.

Im.z. Fresinusoidat Resistance
In the basal state of the normal liver, portal venous and loba¡ venous pressures are
insignificantly different which suggests that the vascular resistance proximal to the hepatic
venous sites is negligible. Thus, hepatic venous resistance constitutes the major site of
vascular resistance to portal blood flow in cats and dogs (Lautt et al., 1986; Legare and
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Lautt, 1987). Under the influence of norepinephrine and sympathetic nerve stimulation the
hepatic venous resistance increases and raises LVF and FVP. This stimulation also produces
dose and frequency-dependent increases in presinusoidal resistance which can cause PVp to

become larger than

LVP. It

was found that the proportion of rise in PVP attributed to

hepatic venous sphincter conû'action decreased fuom 90Vo at 2 Hz stimulation of the hepatic

nerves to 59Vo at 10 Hz frequency (Lautt and Legare

" 1987).

Interestingly, although

a

significant portal to lobar pressure gradient develops, a vascular escape in the presinusoidal
resistance component occurs during a maintained stimulation and PVP returns toward and

may equal LVP (Lautt and Legare, 1987; Lautt et al., I987a). LVP remains consistently
elevated. Once presinusoidal vascular escape has occurred, the rise in PVp can be entirely
accounted for by the rise in LVP, that is, by elevated postsinusoidal resistance (Lautt et al.,

1987a). Histamine has no effect on the presinusoidal resistance sites. Thus, although not
always presenE a presinusoidal component of resistance can affect PVP when hepatic vessels

proximal to the venous sphincters are subject to sympathetic stimulation.

XIX.3. Autonegulation of'Fortal and Intrahepatic Fnessure:

Ðistensible ResisÉa¡¡ce Sites
Portal venous resistance sites do not control portal blood

flow.

The role of these

poftal and hepatic venous resist¿nce sites, therefore, appears to be to autoregulate pVp and
intrahepatic pressure
changes

(LVP). By maintaining PVP at relatively normal pressures

in hepatic blood flow,

continuous perfusion

during

sinusoidal collapse is prevented and allows proper and

of these vessels. As a result, hepatic metabolism and uptake
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and

exchange processes do not become jeopardized.

That the liver autoregulates portal pressure in the face of changing hepatic blood

flows is consistent with the concept that hepatic venous resistance sites are passively
distensible. That is, the resistance at these sites varies with changes in blood flow and
venous pressure and large changes in portal flow lead to very small changes in PVP (Siderys

et al, 1'964). It was not until recently however, that Lautt, tægare and Greenway (l9}7b),
and Greenway and Lautt (1988) interpreted these sites as being passively d.istensible.
Several important concepts were advanced at this
changes

time. These authors were able to relate

in hepatic venous resistance to the distending pressure of the resistance sites. The

distending pressure was estimated to be the average
pressures

of the upsffeam and

downsfeam

for the resistance site. Because there are 2 sites of resistance, the

distend.ing

pressure is different for each siæ; presinusoidal disænding pressure is calculated as (pVp +

LYP)/2 and postsinusoidal distending pressure is (LVP + CYP)/2. The precise calculation
of these pressures depends on accurate measurement of LVP. Fur:thermore, Greenway and
Lautt suggested that the liver passively autoregulates PVP and LVP because of the passive
distensibility of the resistance sites. Since that time the understanding of the relationship
between resistance and the distending pressure has been refined.

It is now proposed

that

resistance (R) is related to distending pressure (Pd) by a constant, referred to as the Index

of Contactility (IC), where IC = R'Pd3 (units being mmHg4/mvmin/kg body weight) and is
a reflection of the contactile state of the vascular bed (Lautt et al., 1991a). Whereas
resistance at the pre- and postsinusoidal resistance sites vary with changes in blood flow and

venous pressure,

IC remains

constant and provides further evidence
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for the passively

distensible nature of the resistance sites.

The plot of resistance versus 1Æd3 is linear and is depicted in figure
details experimental results in which IC remains unaltered white changes

7.

Table

1

in blood flow

produce passive changes in resistance. Changes in IC occur in response to alterations in the

active contactile state of the liver, such as during norepinephrine infusion (Lautt et al.,
1991,a)

which is also illustrated in figure 7.

V/ithin physiological limits, changes in IC do not significantly affecr the abitity of
the liver to auûoregulate intrahepatic and portal venous pressures (Lautt and Legare, Igg2).

Using experimentally (figure 8) and theoretically derived curves (figure 9) for the flowpressure relationship, Lautt and Legare demonstrated that the slope

of the flow-pressure

curye was not affected when portal venous and hepatic venous IC were doubled. However,
flow-pressure curves derived from the theoretical dat¿ with high IC values did suggest that

the slope of the flow-pressure curve is greater as the IC increases (figure
consequence

of this steeper

slope

9).

is that, for a given decrease in portal flow,

The
the

effectiveness of PVP autoregulation is diminished and PVP would decrease to a gïeater
extenL

Data also suggest that, because of the passive d.istensibility of these sphincters,
elevations in cental venous pressure (CVP) can be partially transmitted back toward the
hepatic vascular bed (Lautt et a1., 1987b). In this case, the sphincters also passively distend,
reduce the resist¿nce at the sphincters and decrease the pressure grad.ient between LVp and

CVP. The hepatic venous sphincters do not act

¿rs

classical waterfall- Starling resistors

(Greenway and Lautt, 1970; Lautt et a1.,1986; Lautt et al., 1987b) which confrasrs with
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Figure

7: Plot of

1Æd3 vs. hepatic venous resistance

(HVR). This plor represents

data from

one cat demonstrating the relationship between HVR and Pd according to the equation
IC=HVR'Pd3. Control data were obtained by changing blood flow. over the range of 10-50
ml/min/kg in several steps at a normal IVCP of 3 mmHg and at a raised IVCP of 6 mmHg.
FIow was then held steady and IVCP was raised in steps between 3 a¡d 15 mmHg. These
same procedures wele repeated durin-e

pg/kg/min).

It ca¡

a

constant infusion

of

norepinephline (1.25

be seen that IC (the slope of the line) is increased during

a

norepinephrine infusion, indicating that IC increases in response to active conh'action of the
hepatic vascula¡ bed (faken from Lautt er al., L99Ia).
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TAtsX,Ð Í.
Mean values of distending pressure, hepatic blood flow, percent¿ge hepatic
arterial flow and index of contractility values across the liver and total
resistance across the liver, at low, mid and high hepatic blood flows

Flow

Pdt

HBF

HAFTo

IC"r,

IC*

ICt

RL

High

7.7

43.7

24.9

48.8

30.3

79.t

0.r27

Mid

7.1

34.2

44.8

49.6

29.r

78.7

0.139

Low

6.6

22.9

75.4

52.9

25.8

78.7

0.198

SEM

0.1

1.5

3.3

5.8

2.0

7.7

0.019

The vascular long-circuit was used to alter portal blood flow to validate the IC model.
Portal flow was roughly doubled and reduced to 25Vo to cause the distending blood pressure
across the liver to decrease @dr=@Vp + IVCP)/2, mmHg). Abbreviationi: total-hepatic
blood flow (FIBF,
TY-inlt g body weight), the proportion of HBF accounred. for by hepatic
arterial blood flow (HAF%o), R =added resistances of pV and HV (mmH glrrrlrnrnlkg body
weight), ICpu=lnde¡ of conftactility for the portal vein, IC"u=index of contractility ior thê
hepatic veins, IC¿=IC"v + IC*. All values except for IC"rr, iCr*, and IC" were significantly
altered by changes in blood flow (blocked ANOVA, n=8, pi0.05, taten from Lautt and
Legare, 1,992)
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8: Effect of changes in hepatic blood flow, produced

using a vascular circuit, on in

vivo inrahepatic pressure (lobar venous pressure, * hepatic), proximal to hepatic veins and
pofial venous pressure (x portal) with the hepatic artery intact and IC within physiological
ranges (IC

=

30.7

+ 7.0 mmHg/rù.kgrmin-1).

The conÍol curves (top panel) were

conducted before and after the cuwe during norepinephrine infusion was obtained (1.25

p9kdmin, IC

=

78.1

+ 27.1 mmHg/m1'kg-trnin-t). The slope of the curve is

significantly altered by norepinephrine (n=9 catsf taken from Lautt and Legare, TggZ).
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Figure

9:

Theoretical data for the predicted lobar venous pressure (LVP mmHg) upstream

from the hepatic venous resistance sites and hepatic venous resistance (FIVR
mmHg/ntVmin&g) as totai hepatic blood flow (FIBF mvmin/kg) is altered. The family of
curves is obtained for a range of IC values generated from computer-assisted estimates.
Downstream pressue was assumed to be constant at 4 mmHg. Absolute HVR change per

unit change in HBF is greater at high IC values but the percentage change is greater for the

low IC vaiues. The FIVR increase as FIBF decreased from 50 to 10 was 497o at IC =
but only 3lVo atIC = 320 Cfaken from Lautt and Legare,1992).
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10,

earlier findings by Mitzner (L974) and Green (1975).

If the sphincters operated through this

mechanism, the venous pressure would be required to overcome an external or upstream
pressure before any pressure would be ransmitúed upstream. In the liver, even very small
elevations in central pressure can be partially tansmitted upsúeam to the sinusoids, although
at low central venous pressures the percent transmission of pressure upstream is very small

(Lautt et al., 1987b). The larger the acute rise in central venous pressure, the greater the
percent tansmission of pressure, presumably due to a greater dilation of the hepatic venous

sphincters. The percent transmission of central pressure to the sinusoids does depend on the

initial tone and therefore, resistance, existing in the hepatic venous sphincters. The greater
the tone and resistance, the less tansmission of central pressure to LVP occurs presumably
because the sphincters

will be more consfficted (figure 10) (Lautt et al., 1987b).

Such an

event may help to reduce the potential rise in central pressure and protect the heart from an
excessive elevation in preload (Greenway and Lautt, 1983). Conversely, the sphincters may

also afford some protection for portal and intahepatic pressures from changes in CVp.
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Figure 10: Data calculated to show the percentage of a rise in central venous pressure
(CVP) tansmitted past the hepatic sphincter to the upstream lobar venous pressure (LVP)

site. Cuwes were obtained in the control

state and during a norepinephrine infusion (1.25

Fdkg/min) into the portâl vein to increase the resistance at the hepatic venous sphincters.
Percent transmission of CVP to LVP in the control state, increased as the distending pressure

(iLVP + CYPllz) increased, until at a change in CVP of 9 mmHg, 597o transmission
occured. During norepineph¡ine infusions, only

a 41Vo transmission

of an elevation of CVP

by 9 mmHg occurred. The slopes of the control and norepinephrine regressions were
significantly different (p<0.001; taken from Lautr er at., 1987b).
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SECTTON TV

BLOOD VOLUME
The liver acts as a major blood volume reservoir because of its capacity to store and

mobilize blood into the systemic circulation. Characteristics of the liver that support such
a

role include its compliant nature and ttrat the major site of resistance to hepatic blood flow

is postsinusoidal.

IV.X.. ÐeflinitÍons
The primary determinants of blood volume are the distending transmural pressure,
compliance of the vessels (and elasticity of the surrounding tissues), and. unstressed volume
(Greenway and Lautt, 1989). Compliance is defîned as the extent to which the volume of
a vessel changes

in response to alte¡ations in transmural pressure, that is, change in volume

(rnl) divided by the change in pressure (mmHg). In the liver, the appropriate pressure to use

is

LVP. In the normal liver, the innahepatic pressure-volume relationship

is

linear

suggesting that compliance is constant over the range of pressures and volumes which have

been plotted (Greenway et al., 1985). Hepatic compliance, calculated using intrahepatic
pressure, is 2.5-3.0 ml x mmHgl/100 g liver weight (Greenway et a1., 1985). Accord.ing ro

a graph of pressure versus volume,

if

this relationship is extrapolated to zero pressure,

a

positive volume intercept is obtained which is the theoretical unsffessed volume (Greenway
and Lautt, 1989) (figure 11).
Unstressed volume
spaces of the

is the volume of blood required to passively

liver (or organ), i.e. the blood volume in the liver at zero
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fill

the vascular

d.istend.ing pressure.
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Figure I 1: Reiationships between hepatic blood volume and inrahepatic pressure determined

by varying portal flow Qeft panel) or by varying hepatic ouflow pressue (right panel),
before, during, and after infusion of norepinephrine
SEM, n = 9 (faken from Greenway et al, 1985).
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(NE). Values

represent the mean +

This volume is about 40Vo of the total liver volume. This amounts to about I2-lS mV100

g liver tissue in the denervated liver with total liver capacitance being approximately
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mV100 g of liver tissue at a portal venous pressure of 8 mmHg (Greenway et al., 1935).
Stressed volume is the volume

of blood (in an organ) which causes distension of the blood

vessels thereby producing intravascular pressure. Stessed volume

compliance and fransmural pressure (mVmmHg

x mmHg).

is the product of

The functional difference

between unstressed and stessed volume is that stressed volume plays a role in hemodynamic

events;

it is the blood volume that generaæs blood pressure

and blood

volume, therefore, is that volume of blood required to passively

fill

flow.

Unsffessed

the vascular spaces.

IV.2" Changes ín FdepatÍc tstood Volume
Changes

in hepatic blood volume can occur by passive or

Passive changes in

active mechanisms.

liver blood volume occur secondary to alterations in hepatic blood flow

or hepatic venous pressure without concomit¿nt active changes in the hepatic capacitance
vessels. In this situation intahepatic pressure is passively changed and. therefore the change

in blood volume occurs by

a change

in stressed volume. The hepatic vascular bed. tends to

minimize the alterations in flow and pressure. Blood flow is generally kept constant despite
changes in portal flow via the action of the hepatic arterial buffer response. Intrahepatic
pressure is autoregulated by the distensible hepatic venous sphincters.

Active expulsion of blood from the liver (in response to a sympathetic stimulation)
occurs through a conftaction of the capacitance vessels. The liver responds in this manner
under physiological stress such as hemorrhage or elevated sympathetic tone. Many stud.ies
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(reviewed by Greenway and Stark, 1971 and Greenway and Lautt, 1989) have consistently
demonstrated that active hepatic volume responses can mobilize vp to approximately 50Vo

of the hepatic blood volume a¡rd transfer it into the systemic circulation. In dogs and

cats,

Greenway and Oshiro (1972) found that 36Vo and 477o of total hepatic btood volume was
expelled upon mid-frequency (4-6 Hz) nerve stimulation.

Active decreases in liver volume can occur either by decreasing compliance (the slope

of the pressure volume relationship) or by

decreasing unstressed volume (and thereby

increasing sffessed volume). Referring to the pressure-volume relationship

in figure 11,

Greenway et al. (1985), have shown that in the cat, norepinephrine does not change hepatic

compliance when intahepatic pressure was used

in the calculations. This

suggests that

capacitance responses in the liver occur through changes in unstressed volume. This makes

teleological sense and has important physiological consequences.

If

compliance changed

rather than unstressed volume, the amount of blood actively mobilized would decrease as
intrahepatic pressure decreased. In situations where mobilization of blood is crucial, such
as during hemorrhage, the amount of blood mobilized during sympathetic stimulation would

become progressively smaller as the hemodynamic condition of the animal declined. But,
because compliance remains the same, unsûessed volume

is mobilized to the same extent

regardless of the intrahepatic pressure (Rothe, 1983). The unstressed. volume, therefore,
represents a blood volume reserye which can replace the stressed volume of the animal under

conditions of blood loss. Unstessed volume

to maintain cardiac preload and

will

also be used to increase stressed. volume

cardiac output under cond.itions

compensate for sfessed volume which has pooled in dependent
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of

exercise and to

pilts of the body (Greenway

and Lautt, 1986).

IV.3.

Modu[aÉio¡a of' tslood Volurne Respox.eses

Other than mediators of the sympathetic nervous system, angiotensin and histamine

may be the only other endogenous compounds that may alter hepatic blood volume.
According to Greenway and Lautt (1972) exogenous angiotensin (estimated to prod.uce
high
endogenous levels) actively reduced hepatic blood volume by 20Vo. Exogenous
vasopressin

in doses within the range produced by the posterior pituitary had only very weak effects
on
hepatic blood volume and was concluded to have little physiological significance.
Histamine in the dog, but not in the cat, has been shown to produce an excessive
volume increase in liver capacitance (Greenway and Oshiro,lgTS). This is presumed
to be
due to constriction of the postsinusoidal resistance sites resulting in a passive
increase in the

liver volume rather than having any direct effect on capacitance vessels (Lautt and
Legare,
1987).

Recently, Lautt et al. (1991b) found that infusions of glucagon modulated
nerveinduced volume responses in the

liver. Although the maximal volume ïesponse was not

affected, glucagon caused the Hzro (frequency required to produce 50Vo
of the maximal

volume response) to increase from 3.5 + 1.1 to 5.6 + 0.07 Hz. Doses of glucagon
used in

this study were extremely large and suggest that a physiological role for glucagon
in this
regard is unlikely. Large doses of adenosine had no effect on the Hzro
but significantly
decreased the maximal response for nerve-induced blood volume changes
from

mls to 8.1 + 2.0 mls.
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V.Í..

Genenal ConsideraÉio¡rs

A hallmark of the hepatic vascular bed is that it is a low pressure-high blood volume
circulatory system. Disturbances of the fine hepatic architecture due to disease stå.tes as well
as non-parenchymal-induced alterations can result

in circulatory disruptions. Liver cirhosis

is one example of such a pathology. Cinhosis is defined and characterized anatomically

as

a diffuse process with fibrosis and nodule formation which usually follows hepato-cellular

necrosis. The growth of regenerative nodules and the deposition of collagen fibres
(fibrogenesis) and formation of a basement membrane in the space of Disse (capillarization

of the sinusoids) increases the resistance to hepatic blood flow and d.isrupts the normal
circulatory patterns leading, in many cases, to portal hypertension (Phillips et al., 1.987;
Sherlock, 1989).

Cirrhosis is the most common cause of portal hypertension (Sherlock, 1989) and
accounts

fot

90Vo

of all the cases in

developed countries @osch et al., 1939). Portal

hypertension is generally classified into 3 broad categories, pre-hepatic, inta-hepatic and
post-hepatic depending on the site of the lesion.

The cardiovascular complications of portal hypertension involve the portal vascular
bed and the systemic circulation. When portal hypertension is fully manifested

it has been

found to involve chronically elevated PVP and a hyperemic splanchnic circulation. This
hyperemia, a result of decreased arterial resistance in the splanchnic vascular bed, leads to
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elevated portal venous

inflow. The combination of the increased resistance and flow to the

liver can cause the development of

a

portal-collateral or portal-systemic circulation, whereby

portal blood is shunted around the high resistance hepatic vascular bed into the systemic
circulation resulting in the formation of blood engorged veins otherwise known as varices.
These varices can be life-threatening

if

they hemorrhage. In addition, peripheral vascular

resistance and arterial pressure are also decreased in portal hypertension and are associated

with an increase in cardiac output. Finally, ascites formation may be present in

some

instances.

The cardiovascular complications of portal hypertension noted above have

been

recognized for many years in man, but the precipitating mechanism(s) has eluded researchers.

Because

of the inherent

complexities

in

using humans

to

study portal hy¡lertension,

investigators have had to rely on animal models of cirhosis and portal h¡lertension to study

the development of this condition. The majority of the hemodynamic studies have utilized
the partial portal vein-stenosis model þre-hepatic portal hypertension) in the

rat.

Carbon

tetrachloride adminisration and bile duct ligation models of cirhosis in the rat and other
species have also been used although to a lesser extent. The bile duct ligation technique has

also been used to study the biochemical changes occurring in obstructive jaund.ice in several
species including the

cat. However, hemodynamic

have not been conducted. More about this model
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studies using this technique

will

in

the cat

be discussed at the end of section V.

V.2. Ðevelopmaent

of' FonÉaå E{ypenÉexesåore

Portal pressure has generally been considered

to be determined by the

interrelationship between portal blood flow and portal vascular resistance.

pressure

- portal blood flow x portal venous resistance

In this equation, pressure is the pressure gradient between PVP and central venous
pressure. However,

in light of the recent

advances

in the understand.ing of

hepatic

hemodynamics, the equation should use total hepatic blood flow, rather than portal flow.

Total hepatic flow is used because of the finding that the major site of vascular resistance
is postsinusoidal and therefore it is total hepatic blood flow passing across the resistance site.

Technically, portal venous resistance is, therefore, the sum

of pre- and

postsinusoidal

vascular resist¿nce, although it has been shown that presinusoidal resist¿nce in the basal state

is very small.
Portal pressure can increase either by increasing blood flow or resistance, or both.
That portal hypertension is developed and maintained solely by an increase in resistance is

known as the "backward flow" theory (Moreno, 1967; Whipple, 1945). Conversely, the
"forward flow" theory proposes that portal hypertension is maintained due to elevated. portal
venous inflow in the face of increased poftal venous resistance (Vorobioff et al., 1983; Witte

et al., 1974). As with most biological systems, which are rarely governed or regulated by
a single mechanism, it has recently been shown that the development and maintenance of
portal hypertension is likely due to a combination of increased portal venous resistance
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and.

elevated portal venous blood

flow. Using

theoreticat and experimental results in the partial

portal venous stenosed rat, Benoit et at. (1985) suggested that the forward flow theory could
account for 407o of the increase in portal venous pressure and the backward flow theory
accounts fot 60Vo of the rise in portal venous pressure. In a study by Sikuler et al. (1985),
the temporal development of portal hypertension in the partial portal vein stenosis model of

the rat was studied over

a 14 day period. They concluded that in this model, the initial

mechanism for portal hypertension is the increase in portal venous resistance (as a result of
the ligation) but the subsequent elevation in portal venous inflow plays a more important role

in maintaining the hypertension. However, high portal venous inflow per se (forward flow
theory) is not sufficient to produce an increase in portal venous pressure in a normal low
resistance hepatic vascular bed (Sikuler and Groszmann, 1986a).

There are two important additional points that should also be considered:

portal vein ligation model of portal hypertension,

ily

active change

1. In the

in portal

venous

resistance occurs in the portal collateral vascular bed since the resistance site on the portal

vein is fÏxed.

2.

Kroeger and Groszmann (19S5) found that the resistance of the porlal

collateral circulation is inappropriately high for the elevated portal venous
a given portal venous

flow the calculated portal venous resistance

flow. That is, at

\rvas gïeater

in the portal

h¡lertensive rats than in the sham animals. Thus, the elevation of portal venous pressure
depends not only on the elevated portal venous inflow but also on the high resistance to

portal venous blood flow by the portal-collaterals.
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W,2A. Ðevelopneemú of lncreased Resistance

In the experimental model of portat vein-stenosis-induced portal hypertension,
development and site

of

increased resistance

is clearly

the

prehepatic, without any liver

pathology. In intrahepatic forms of portal hypertension, whether experimentally or nonexperimentally-induced, the exact site(s) or cause(s) of increased resistance to hepatic blood

flow have been less easily defined. The cause of increased resistance in cirrhotic portal
hypertension has been ascribed to the formation of regenerative nodules and fibrosis, which

distorts the hepatic venular system causing vascula¡ compression þre- and postsinusoidal)
(Popper andZak,1958; Hales et al., 1959; Popper,1977). There are reports, however, that

poÍal hypertension occurs in chronic alcoholics without evidence of cirrhosis, necrosis, or
regenerative nodules (Reynolds et al, L969; Iæevy et al., 1970). Similarly, architectural
disarray or the presence of inflammation, fat, alcoholic hyalin, terminal hepatic vein sclerosis

(Onego et al., 1981) or fibrosis (Krogsgaard et al., 1984) has not correlated with wedged or

inrahepatic pressure in portal hypertensive patients.

In

1979, Orrego et al., reported that a good correlation existed between clinical

manifestations of portal hypertension and the amount of collagenization in the space of Disse

in alcoholic patients. According to

these investigators, the amount

of collagen in the

space

of Disse was the best structural parameter that predicted the severity of the clinical condition

in liver biopsies that showed fatty liver damage or cirrhosis. In a following study, Orrego
et al. (1981), further confirmed this fînding but also reported that the amount of collagen in
the space of Disse and hepatocyte surface area were both positively correlated to intahepatic

pressure. Further work by these authors @lendis et al., 1982) revealed that changes in
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hepatocyte surface over time appeared to be more closely related to changes in intrahepatic
pressure than collagen in the space of Disse. Xn this same study, however, a subpopulation

of patients, representing approximately

l3%o

of the entire study gïoup, did not show any

correlation between hepatocyte surface area and intahepatic pressure (r=0.24). More
recently, Krogsgaard et at. (1984), refuæd the findings of Orrego and. Blendis by reporting

that no apparent correlation existed between hepatocyte surface area and intrahepatic
pressure. Their results

appe¿Lr

to be in agreement with the early find.ings of Popper, that the

elevated portal pressure in portal hypertension is due to architectural destruction. While this

may be true,

it is worth noting that the subjects in the Krogsgaard study and those in the

studies by Orrego and Blendis were not selected according to the same criteria, which may
account for the differences in results.

It is worth noting that in all of these studies, collagen and fibrosis analysis was only
semi-quantitative. That is, only relative or arbinary values have been reported for the
fibrosis (eg. scales from 1 to 5). To my knowledge, there are no studies of this nature that
have precisely quantitated the degree of fibrosis occurring in the histological sections. The

possibility also exists that the particular histological section analyzed. may not necessarily
be representative of the changes taking place in the liver during the d.isease state. Despite
the reports from Orrego and Blendis, it is difficult to envision that the extensive fibrosis and

nodule formation observed in cirrhosis (of various etiologies) is not responsible, at least in
part, for the raised intrahepatic and port¿l venous pressures recorded in portal hypertensive

patients. That hepatocyte swelling, leading to an increased surface area is solely responsible
for raised portal pressures has certainly not been proven. The reported correlations between
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hepatocyte surface area and intrahepatic pressure do not prove a causal relationship. The
increased surface area may be a result of the increased pressure. tr-ikewise, fibrogenesis in
the space of Disse and vessels in the liver (and possibly bile ducts during biliary obstruction)

may also be a result, rather than a cause of the raised intrahepatic pressure. Thus,
a matter

of some debate as

ûo the exact mechanism

it is stilt

of increased resistance to hepatic blood

flow in portal hypertension.

V.2ts" Ðevelopment of Ï¡ecneased Forta[

Ver¡o¡.¡s

l¡¡flow

Mechanisms for the splanchnic hyperemia and increase in portal venous inflow have

also not been fully defined, but two predominant theories have been put forward.

V.2ts.i. Circutating F{urnoran

.A,gents

One theory proposed to account for the systemic arterial hypotension a¡rd splanchnic

hyperemia is that there

is an elevation in the number and concentration of

endogenous

vasodilatory factors in the circulation. Benoit et aI. (1984, Lg86), using the portal veinstenosed rat, suggested a role for circulating humoral agents as a mechanism

for dilating the

splenic vascular bed @enoit et al., 1984). These investigators strongly suggested that
elevated levels of circulating glucagon in portal hypertension and cirrhosis may account for

up to

40Vo

of the decrease in

intestinal vascular resist¿nce associated with portal

hypertension. Using a specific glucagon anti-serum Benoit et al. (1986), reporte d, a 30Vo
drop in the intestinal hyperemia in portal hypertensive rats. Glucagon, which has been found

to be hyper-secreted in cirrhosis (Sherwin et al., 1.978), is well known to have vasod.ilatory
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actions and have a specificity for dilating the splanchnic vascular bed (I{ock et al., 1970b;

Krarup and Larsen,1974). Elevation of glucagon and other blood-borne agents normally
cleared by the liver may also occur by escaping hepatic metabolism due to portal systemic
shunting.

As attractive as the glucagon theory sounds, it has not been fully embraced. Others
have argued that the lack of correlation between glucagon levels and the hyperdynamic level
does not suppoft the glucagon theory (Sikuler et a1., 1985; Sikuler and Groszmann, 1986b).

These and other authors suggest that an alternative to glucagon may be prostaglandin I,

(PGIr) (Sikuler et al., 1985; Sitzman et al., 1989). Endothelial-derived relaxing facror,
considered to be nitric oxide, has been hypothesized to mediate some of the splanchnic
hyperemia involved in cirhosis (Vallance and Moncada, 1991). In support of

niric oxide

being involved in the hyperdynamic circulation, Claria and collegues (1992) have implicated

this compound in the arterial hypotension occurring in cirrhotic rats.

In an alternative theory, Lee et al. (1992b) reported that the degree of portal venous
shunting, not necessa¡ily circulating humoral factors or mesenteric venous hypertension, was

the critical factor in the development of a hyperkinetic circulation in portal hypertension.
From this study,

it

appears that the increased cardiac oufput and splanchnic organ blood

flows are the result of markedly reduced portal tributary resistance rather than elevated
mesenteric or portal hypertension.

V.2ts.i¡. F{yposensitivÍty to Endogenous Consúrictors

A

second and possibly co-existing mechanism behind the splanchnic hyperemia may
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be a decreased sensitivity to endogenous vasoconstrictors. Several authors have shown a
decreased sensitivity

in man and animals to norepinephrine (Finberg et

a1., 1981;

Kitano et

al., L982: Kiel et a1., 1985), angiotensin tr (Laragh et al., 1963; Finberg et al., 1981; Murray
and Paller, 1985), and vasopressin (Mesh et al.,

I99l) in the peripheral and splanchnic

vasculature. There are, however, many conflicting reports about the effect of portal
hypertension on norepinephrine sensitivity and they are summarized in a review on this topic

by Bomzon (1990). Part of the problem a¡ises from the fact that many d.ifferent models of
portal hypertension and variations within these models have been studied, which, in itself,

can produce different results. Furthermore,

in many studies, it is my

opinion that

inappropriate vessel types have been used to study vascular reactivity. For example, the
aorta has been used on several occasions

in this type of investigation. The aorta is

an

example of a conducting vessel, not a resistance vessel, and is a poor choice of a vessel to
study vascular reactivity to vasoactive agents.

Despite the reduced sensitivity

to

norepinephrine and angiotensin

in

portal

hypertension and cirhosis, circulating levels of norepinephrine and activity of the reninangiotensin system have been shown to be elevated in these conditions (Gaudin et aI., Ig8g,

1'991; Henriksen

et al., 1991, Moreau et al., 1987).

Hepatosplanchnic spillover of

norepinephrine has also been observed in cirrhotic patients (Henricksen, et al., IIBT). The
increase

in norepinephrine has been determined to be due to an increased norepinephrine

oufput from nerve endings rather than decreased metabolism (Henriksen et a1.,7984,1.989;

Nicholls et al, 1985, Willet et al., 1985). This is supported by the findings of Finberg et
al.(1981, L982) who found only minor changes in mono-amine oxidase activity and, recently
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by Floras et al. (1991) who reported that muscle sympathetic burst frequency was elevated.

in man with decompensated cirrhosis.

In

1985, Murray and Paller suggested that the decreased vascular reactivity to

angiotensin

defect

II

was a specific

buf as yet, undefïned post-receptor defect, not a generalized

of the vasculature. Down regulation of card.iac ß-adrenergic receptors has been

reported by Lee et al. (1990)

in the portal hypertensive rat

and the existence of false

neurotransmitters in liver disease has also been suggested. (Fischer and Baldessarini,

lgTI)

but requires further investigation (Henriksen et al., 1991). In conffast to angiotensin, Mesh

et al. (1991) found that the attenuation of vasopressin responsiveness could be due to

a

general inhibition of vasoconstriction rather than a specifîc inhibition of vasopressin.

The decreased sensitivity to norepinephrine, angiotensin

II,

and vasopressin is

contrasted by a hypersensitivity to serotonin in cirrhosis and portat hypertension. Cummings

and colleagues (1986) found that isolated mesenteric veins from portal hypertensive rats

exhibited a three-fold enhancement of the force of contraction üo low doses of serotonin
compared to in vivo sham-operated controls. Other investigators using the serotonin receptor
antagonists, ketanserin and rit¿nserin, support Cummings' report (ÉIadengue et al., \987;

Mastai et al., 1989). The supersensitivity of serotonin rnay be involved, to some extent, in
the elevated porüal venous resistance found in portal hypertension, but conversely, may also
act on the arterial vasculature to compensate for a decreased systemic arterial pressure found

in this condition.
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V.zW.iÍt. Ðeve[opnaemt of Fonfaå Systeanüc

SårunÉirag amd Vanüces

As portal hypertension becomes more severe, the collateral circulation can form blood
engorged varices in pre-existing anastomotic connections between the portal venous system
and the caval

circulation. Much of this shunted blood

passes

into the azygos circulation and

can be measured in this system as an indication of the degree of shunting @osch et al.,
198e).

The formation of esophageal varices requires that the hepatic venous pressure gradient

(HVPG, portal venous pressure - central venous pressure), be elevated above 10 mmHg. A
gradient above 12 mmHg, however, can have severe consequences for the patient; massive

upper gastrointestinal bleeding from ruptured esophageal and gastric varices þortal
hypertensive gastropathy) is the main complication of portal hypertension and represents one

of the leading causes of death in patients with cirhosis other than liver failure (Bosch et aI.,

1989). The factor that

appears

to be critical to the rupture of the varices is not

the

swallowing of food or necessarily hydrostatic pressure within the varix. It is now the current

belief that this factor is the wall tension of the vessel, according to the Law of Leplace: T

= (P, - PJ x r/IM, where T is the wall tension, P, is the infavariceal

pressure, P, is the

pressure in the esophagus, r is the radius of the varix and V/ is the wall thickness. Thus, the

larger the varix and the greater the inû'avariceal pressure, the greater is the tension in the
vessel wall which,

if

great enough, can lead to the rupture of the varix.

V.3. T'neatrnent of Fonþn E{ypertension:
The primary objective of therapy for portal hypertension, whether pharmacological
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or sugical, is to decompress the portal venous system and thereby diminish the chances of
hemorrhage from the varices. Variceal bleeding is considered to be a medical emergency

with a variable but high mortality rate in the range of

20Vo

to

80Vo per bleeding episode.

V.3^4. Sungical Therapy
The objective of surgical therapy is to reduce portal venous pressure, maintain hepatic

blood flow, including portat venous blood flow, and minimize the incidence of hepatic
encephalopathy. To this end, several procedures, the porta-caval, the meso-caval, and
spleno-renal shunts, have been developed. The complicating consequence

of

hepatic

encephalopathy has been high with the porta-caval shunt procedure and therefore, the
frequency of this technique has been reduced (Sherlock, 1989). The meso-caval shunt is
similar to the porta-caval technique except that the superior mesenteric vein is connected via
a graft to the vena cava. The concept behind the spleno-renal shunt proposed by Warren
over twenty years ago (Waren et a1., 1967) was to sep¿ìrate the portal venous circulation into

two components, a decompressed gasEo-splenic component and a hypertensive superior
mesenteric component. Postoperative encephalopathy has been shown to be significantly less

frequent with this technique compared to the non-selective shunts (Rikkers, 1988) but does
not provide any advantages over other shunts in respect to survival rates
@ikkers, 1990).
Endoscopic variceal sclerosis has recently become the most popular teatrnent for
acute and chronic

contol of variceal hemorrhage. This technique, fust successfully used

over 50 years ago by Crafoord, is generally used as a treatment after varices have already
hemorrhaged (Sherlock, 1989). Sclerotherapy, in itself, is not a curative procedure.
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It

has

been shown to be effective in decreasing the frequency of rebleeding, but as a prophylactic
therapy it has not proven to be successful in decreasing the risk of the

frst

bleed in patients

(Sherlock, 1989). Furthermore, new varices can develop that may also require sclerotherapy.

Approximately one-third of all patients undergoing sclerotherapy will require shunt therapy
and/or hepatic transplantation in the case of end-stage liver disease (Rikkers, 1990).

V.38.

Fhanrnacological Tnea$rnen&

Theoretically, portal pressure can be lowered either by decreasing portal vascular
resistance or portal venous blood flow according to the equation: P = resistance

x blood

flow, which was introduced earlier in this section. To this end, vasoconstrictor agents and
vasodilatory agents or combinations thereof have been used to battle portal hypertension and
bleeding varices.
Vasopressin has been used for over 30 years (Galambos

, 1982) in the management

of bleeding varices despite very limiæd success with this constrictor. Somatost¿tin has also
been used as a vasoconstrictor and like vasopressin, reduces PVP by constricting the
splanchnic arterioles and decreases portal venous inflow @osch, 1985; Rector, 1986;
Reichen, 1990). In the treatment of acute variceal bleeding, vasopressin has only been
effective in approximately 45Vo of the cases reported in 2 recent studies (Gimson et al.,
1986; Tsai et al., 1986) and survival rates have not been improved. Somatostatin has been

shown to be roughly equal to or more effective than vasopressin in this regard (Kravetz et
aJ., L984; Jenkins et

al., 1985). Somatostatin is also known to be an inhibitor of glucagon

release from the pancreas. Because of the pufative role of glucagon in the hyperdynamic
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circulation

it would

be an interesting additionat mode of action by which somatostarin

worked. Indeed somatostatin and its analog, SMS-201-995, decreased glucagon levels in
cirrhotic patients as well as decreased the WIIVP (Wahren and Eriksson, 1986).

A

serious strike against vasopressin

is that this agent has several

untoward

cardiovascular effects such as increasing afærload, decreasing cardiac perfusion and

increasingenddiastolicpressureinthe dog(7.tto etal., 1983) andman (Groszmannetal.,
1982) and may also increase portal resistance. The side-effects monitored in the Jenkins and.
I{uavetz studies indicated that somatostatin produced fewer cardiovascular complications than
vasopressin.

shown

The

joint administration of nitrovasodilators (nitroglycerin) with vasopressin

to

reduce the unwanted systemic effects

of

vasopressin and

to

has been

improve the

effectiveness of controlling variceal bleeds compared to vasopressin alone (Groszmann et al.,
1982; Gimson et al., 1986; Tsai et a1., 1986; Moreau and Lebrec, 1990). The added benefit

from this therapy however may only be minor and mortality was not improved.
Glypressin is a pro-drug of vasopressin which requires an enzymatic cleavage of the

N-terminal glycine to obtain its activity. Like vasopressin, it is also a vasoconsffictor and
acts to decrease WHVP by decreasing splanchnic

inflow. Moreover, glypressin

been shown to arrest variceal bleeding and lacks many

has also

of the untoward cardiac

effects

produced by vasopressin @eichen, 1990).

Lebrec's 1980 report on propranolol has been followed by an enorrnous number of
studies on this and other beta-blockers with mixed results. Propranolol, opposes betarreceptors

in the heart to decrease cardiac output and decreases portal venous
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perfusion.

Bete1-

blockade in the splanchnic vascula¡ bed allows unopposed alpha adrenergic-induced

constriction

of the mesenteric

vessels and further reduces portat

perfusion.

resist¿nce is not affected @eichen, 1990). Controlled studies on the effect

Hepatic

of bet¿ blockers

preventing the flrst esophageal bleeding episodes @ascal and Cales, 1987; Ideo et al., 1938)
showed ttrat bet¿ blockers significantly decreased the bleeding episodes compared to placebo.

The benefits gained by beø blocker administration versus placebo, however, are not
particularly large and not all patients responded. Furttrermore, containd.ications to the use

of the blockers reduces the number of patients available for such therapy.

At the opposite

end

of the adrenergic

spectrum

is the pharmacology of the cr-

adrenoceptors. The cq agonist, clonidine may be a promising agent in the Eeatment of portal

hypertension. Studies by Willet et al (1986) and Moreau et al. (1987) found that clonidine
decreased circulating levels

of norepinephrine and decreased WHVP possibly by red,ucing

intahepatic resistance (Willet et al., 19S6). In cirrhotic rats, Roulot et al. (1939) reporred
that clonidine decreased portal pressure by reducing portal tributary flow.
Serotonin receptor antagonists (S, receptors) ketanserin and ritanserin may play a role

in counteracting the hypersensitivity to serotonin in the portal venous system repofied to
exist in portal hypertension. Ketanserin has been shown to reduce WHVP acutely but
systemic effects (arterial hypotension) may limit its usefulness. Ritanserin, a newer serotonin

receptor antagonist, has been shown to decrease WHVP and has the advantage of having

fewer systemic effects than ketanserin.
Studies with verapamil have produced mixed results. Reichen and Le (1936) found

that verapamil decreased portal venous pressure in isolated perfused livers by decreasing

82

intrahepatic vascular resistance (rather than by decreasing portal venous blood flow) and

potentially improved hepatic function by increasing the extravascular space in cinhotic rat

livers. A long-term study in cirrhotic rats by Reichen et al. (1986) atso supports

these

findings. In a clinical study from Taiwan, Kong et aI. (1986) noted a small decrease in
wedged hepatic venous pressure and the hepatic venous pressttre grad.ient over a three month

period. This is encouraging but it must viewed with guarded enthusiasm since wedged
hepatic venous pressure is not necessarily a true measure of portal venous pressure

if a

presinusoidal resistance component exists. Additionally, several studies in cirrhotic patients

have not shown beneficial effects

of the calcium antagonists (Macmathuna et al., I9B7;

Navasa et al., 1988; Merkel et a1.,1983).

Nitrovasodilators alone have been reported

to decrease WHVP but also

cause

systemic arterial hypotension and possibly tissue hypoxia (Moreau et al., 1989; Moreau and.

Lebrec, 1990). These compounds may be working through card.iopulmonary and arærial
baroreceptor reflexes to consftict the splanchnic vasculature in response to venous pooling

(Hirsh et a1., 1989), decreases in basal putmonary wedged pressure
@ector et al., 1990) and
arterial hypotension (Johnson et al., 1974; Abboud et al., 1979). There is evidence however,
that arterial baroreceptor reflexes are impaired in cirrhotics (Koshy et al., 19S9).

Other investigators utilizing isolated perfused rat livers have reported that
nifovasodilators decreased intahepatic resistance. While this may be true, the viability of
the preparation is questionable; fîve times the pathophysiological levels of norepinephrine
produces only a 32Vo inqease in portal venous resistance (Marteau et al, 1989).

Angiotensin-converting enzyme (ACE) inhibitors, antihistamines, and prostanoid
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antagonists have been studied and the results summarized in an excellent review by Reichen

(1990). Reichen concludes that the ACE inhibitors and antihistamines have limited
usefulness in pharmacotherapy for porfal hypertension. h"ostanoid antagonists have been

tested owing to the evidence that arachidonic acid metabolites may play a role
hyperdynamic circulation. Prostacyclin (PGI) has

hen

in

the

postulated to be involved as a

vasodilator in the splanchnic hyperemia. However, by virtue of the roles in renal perfusion,
Reichen suggests that prostaglandin synthesis inhibitors are not a realistic therapy in portal

hypertension. There may, however, be a realistic role for specific inhibitors of

the

thromboxanes.

V.3C. ChnonÍc Ëile Ðucú

l,ügatÍora as a Model of Fontal F{yperúensÍor¡ in the Cat

Chronic ligation of the bile duct (CBDL) produces a form of extrahepatic cholestasis

which, in experiment¿l animals, is able to produce hepatic cirhosis with hemodynamic
(blood flow and blood pressure), histological and biochemical changes comparable to that
found in human cirhosis and portat hypertension. Animal models of CBDL have also been
developed to specifically study portal hypertension in the dog and rat (Bosch et al., 1983;
Franco et al., t979) although studies of this nature date back to the early 1930's (Cameron
and Oakley,1932). There have been several early studies utilizing this technique in the cat

model primarily in respect to changes in enzyme activities resulting from biliary stasis
(Ftood et al., 1937; Carlsten et al., 196l; O'Brien and Mitchum,1.970; Kelly et al., 7975;

Hoffmann et al., 1977:Everett et al., 1977a; Everett et al., I977b; Center et al., 1983). To
my knowledge, no studies of hemodynamic changes resulting from biliary obstruction have
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been reported

for this species and this is the reason for our interest in working with this

model. The ensuing information is thus garnered from work conducted primarily on the rat,
dog and rabbit.

_

The major differences between the CBDL model and the more popular portal vein-

stenosis technique of producing porøl hypertension is that CBDL is a form of intahepatic

portal hypertension þossibly pre or postsinusoidal) produced most likely from

the

development of biliary cinhosis. Portal vein-stenosis is a purely pre-hepatic form of portal

hypertension without liver damage. Port¿l vein-stenosis induces an immed,iate increase in

portal pressure. Portal pressure elevation in CBDL is related to the duration of biliary
obstruction and is therefore a progressive event. Individual reports diverge in respect to the
actual portal venous pressure measurements recorded, mainly due to d,ifferences in duration

of the study. Reports do indicaæ that pressures begin to elevate after about 2 to 3 weeks
postJigation @omzon and Blendis, 1990). Iævels as high as 17 mmHg (Ohlsson et al.,
1970a; Abergel et al., 1992) and as low as 6.3 mmHg (Mathie er a1., 1988) have been

recorded. Recordings of wedged hepatic venous pressure have not been widely conducted

in CBDL but have

been found to be elevated

in the dog, along with significant increases in

the hepatic venous pressure gradient (Bosch et al., 1983).

The initial histological observations in the liver after CBDL is a proliferation and
dilation of the bile ducts with the early development of a fibrotic stroma surrounding the
ductules. As the duration of obstruction increases, the number and size of bile ducts further
increases along with the degree of fibrosis.

It

has been reported in rats that up to 50Vo of

the total liver area can be occupied by bile ductule tissue (Sirica
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et al., 1991) and

hepatocytes may be ransformed into ductular cells (Sherlock, 1989). The fibrosis has been

found to form bridges between the portal and central regions of the lobules (Kountouras et
al., 1984; Sherlock, 1989). Areas of necrosis have also been observed to increase with time
(Trams and Symeonidis, 1957).
Biochemical indices of liver damage and biliary proliferation such as bilirubin levels,

alkaline phosphatase activity, gamma glutamylnanspetidase (GGTP) activity and the
activities

of the serum

tansaminases, alanine tansaminase (ALT, SGPÐ and aspartate

transaminase (AST, SGOT) are elevated in CBDL. Levels of albumin and cholesærol have

also been incorporated into the batteries of tests to assess liver function (Mclntyre, 1983).

Generally a decrease

in albumin and an increase in cholesterol would be suggestive of

impaired hepatic function. Elevated serum bile acids is another typical finding in CBDL
and, along with bilirubin, is believed to be one of the possible causative agents in producing
some of the histological and functional disruptions occurring

in CBDL (Yamamoto et al.,

1978; Green et al., 1984). Patients and animals with obstructive jaund.ice have been shown

to have an increased susceptibility to postoperative shock and renal failure that in many cases
has been fatal (Zollinger and

Williams, 1956; Williams et al., 1960; yamamoto et aI., 1978:

Green et al., 1984). This phenomenon has usually been explained by the observed peripheral

vasodilation and refractoriness to pressor actions of vasoconstrictors and the sympathetic
nervous system which occurs in obstructive jaundice (Green et a1., 1984 Bomzon, 1990).
There has been some evidence to suggest that ca¡diac function may be impaired (Green et

al., 1984; Binah et al., 1985) but there is little consistency in the literature to make a firm
conclusion in this regard (Shasha et al., 1976;Better, et al., 1980; Flishida et al., 1980; Alon
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er al., L982).

The binding of bile acids and bilirubin to albumin normally reduces the toxicity of
these agents. During

liver disease when albumin synthesis may be compromised and levels

of this protein are decreased,

unconjugated bilirubin, by binding to phospholipids, can

become imbedded in cellular and subcellular membranes such as that of the mitochondria.

Bile acids can act

as detergents and

destoy the integrity and function of cells (Kanai et al.,

1991). In 1956, Zetterstrom and Ernster reported that bilirubin was capable of uncoupling
oxidative phosphorylation. Mitochondrial energy indices such as phosphorylation potential
(mitochondrial ATP:ADP ratio) and energy charge were shown to be depressed in rats with

CBDL (Yamamoto et al., 1978). Hemorrhage caused a drop in these indices in CBDL and
control rats. Upon reinfusion of the hemorrhaged blood, these values returned to normal in
the contol rats but remained severely depressed in the CBDL rats (Yamamoto et al.,I97B).

Kanai et aI. (1991) also reported that ATP production was inhibited in rat livers during
obsffuctive jaundice. Whether these deleterious effects

of bile acids and bilirubin

responsible for the spectrum of disruptions that occur in CBDL is not clear and

aware

are

I am not

of any studies that directly link the bioenergetic data to the hemodynamic or

cardiovascular refractoriness data.

The hemodynamic changes that occur with CBDL are far from being concretely
determined. In respect to tot¿l hepatic blood flow, increases (Aronsen et aI.,1969; Ohlsson

et a1., 1970b), decreases (Aronsen, 1968,Latnnaet a1., 1968; Aronsen et al., 1969; Hunt,
1979) and no changes (Sakoda and Atik, 1970; Hall et al., 1977) have all been reporred.
Recent work conducted using electromagnetic flow probes, however, has shown an overall
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decrease in totå.I hepatic blood

flow in dogs (Bosch et al., 1983; Mathie et a1., 1988). There

are several reasons why such discrepancies may have occurred. The early reports have used
a variety of blood

flow measuring techniques including clearance of

Xer33,

Aut", and BSp,

microsphere determinations and timed blood volume measurements. The clearance
techniques can be suspect because of the possibility that an altered reticuloendothelial system

or hepatocyte injury can disturb normal clearance process in the liver and misrepresent the
true hepatic flow (Aronsen et al., 1969). Other reasons for the differences may lie in the fact

that several different species, including rabbits, rats, dogs and humans, have been used. to
obtain these results and that most studies have had variable durations of cholestasis ranging

from one hour to several weeks.
The specific changes occurring in hepatic arterial and portal venous blood flow are
also variable.

In some investigations, portal venous and hepatic arterial flow decrease to the

same extent (Mathie et al., 1988) while others have reported that portal venous and hepatic

arterial flow both increase in the first week post-ligation but return towards pre-ligation
levels by the second week after ligation of the bile duct (Ohlsson et a1., 1970b). portal
venous blood flow has also been found to be decreased with a "reciprocal" or partial
compensatory increase in hepatic arterial flow (Ohlsson et a1., 1970b; Bosch et al., 1983).
'Whether

this increase in arterial flow is due to the hepatic arterial buffer response is not

clear. The variety of responses in the hepatic vessels may be accounted for by the fact that

liver structure can be severely altered in CBDL which can alter the delicate

hepatic

microvasculature. Observations that extensive duration-dependent changes occur in the
vascula¡ patterns

of the hepatic arterial and portal venous microcirculation have been
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reported @el Rio Lozano and Andrews, 1965). Using the rabbit liver, these investigators

found that, instead of receiving a mixture of arterial-portal venous blood, most sinusoids
appeared

to be supplied entirely by an arterial

source after biliary obsfruction. The

development of new portal channels around occluded areas þossibly due to blood clots)

forming a collateral circulation and possibly porto-hepatic venous anastomoses were also
observed. Certainly such changes can influence the normal regulatory systems that govern
hepatic blood flow, such as the hepatic arterial buffer response.

The development of porto-systemic shunt formation also occurs in CBDL but the
progression

of these anastomoses is slower compared to the portal vein-stenosis

model.

Using radioactive microspheres, Bosch et at. (1983) and Dunn et al. (1991), reported a 49Vo
shunt index after 7 to 13 weeks post-ligation in the dog and a 46Vo shunt index after 21 days

in the

ral

Ohlsson et aI. (1970a) on the other hand found only slight increases in porto-

systemic shunting in dogs alter 4 weeks of bile duct ligation.

The degree of hepatic pathology produced by CBDL is also related to the site of

ligation along the biliary tree and whether the bile duct has been tansected. In rabbits,
ligation of the hepatic ducts produced an early and severe form of liver damage compared
to the damage produced when the ligation was positioned on the common bile duct. Cystic

duct ligation in the rabbit had no effect @auer, 1950). In rats, a species without a gall
bladder,

low position ligation of the bile duct (near the duodenum) had only mild

hepatopathic effects. High position ligation of the bile duct produced severe liver damage

(Koch-V/eser et al., 1'952). Furthermore, rats with bile duct excision displayed irreversible
and severe liver damage over a 4 weekperiod compared to rats that had the ligation around
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the mid portion of the bile duct for the same time period. It was also found that in rats with

only ductal ligation, a recanulization of the common bile duct occured such that bile flow
returned to normal in the new bile duct. Any early stage liver disruptions that occurred prior

to the recanulization was reversed and the liver appeared normal (frams and Symeonidis,
1957). It is also important to note that relief of the biliary obstruction within approximately

2 weeks after ligation of the bile duct produces a reversible form of liver damage in rats

ffranco et al., L979), dogs @omzon and Blendis, 1990) and humans (Aronsen,

1968).

Cholestasis of longer durations tend to result in ireversible histological and hemodynamic

alterations (Aronsen, 1968; Franco et al., IgTg)
The model of portal hypertension produced by CBDL has been shown to be effective

in producing a pathology similar to that found in man. It does not produce effects as
É

immediately as the portal vein-stenosis model but

it

may be considered to have a more

realistic etiology of portal hypertension, that is, through the development of hepatic injury
and

cirhosis. The model may be more difficult to

assess due to the somewhat labile nature

of development of liver injury and the variability in d.uration of obstruction reported in the

literature. Nevertheless, little if any information on the hemodynamic changes occurring in
the portal hypertensive cat with this model has been documented and investigation in this
area may lead

to an acceptzble research model.
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docûoral research program is more than just investigations into the unknown. It

is also a training ground to develop the proper skills and attitudes towards science. I
realized early on that to obtain meaningful results in whole animal studies one must be
surgically competent and be able to maintain the viability of a complex, living, breathing

biological system, skills not to be taken lightly.

I

was also fortunate to be given the

opportunity to train junior students and new personnel joining the research unit and to work

in a spirit of collaboration with these individuals. These skills and philosophical approaches

to science may, on occasion be taken for granted, but, I do consider them to be important
and omnipresent goals in any research program and underlie the scientific objectives of this
dissert¿tion.

There were 3 major objectives in my doctoral resea¡ch progïam. The flust was to
develop techniques to properly assess the pharmacology of the HA, with special reference

to the influence of the hepatic art€rial buffer response, the primary intrinsic
mechanism of the

HA. The second major research objective

control

was to study the pharmacology

of the HA using the techniques developed pursuing the first objective. In particular,
pharmacolology of the pancreatic peptide, glucagon, was assessed in the

the

HA. My interests

in the pharmacology of glucagon were related to the possible role this peptide may play in
the control of vascular function in the hepatic vascular bed. Specifically,

I

was interested

in whether the sympathetic conúol of the HA could be modulated by glucagon. In

the

interest of expanding these findings, comparative studies in the mesenteric arterial vascular
bed were also conducted in both research areas.
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The third major objective of this thesis was to develop a model of intrahepatic portal
hypertension in the cat and investigate the siæ(s) of increased resistance to portal blood. flow.

This project \pas the culmination of several of my research interests, such as: 1) the study
of the hepatic microvascular disruptions occurring in portal hypertension, 2) the opportunity

to gain experience with a new technique

ûo measure inüahepatic

blood pressure (lobar

venous pressure), and 3) extension of my research training and experience from primarily
basic research to include clinically relevant research projects.

Inherent in this final project was the development of procedures necessary to deal

with animals undergoing a

progressive time-dependent

pathology. Unlike

acute

experimentation, innovative housing and mainænance techniques had to be devised, and the
animals required constant monitoring of their clinical and mental health status over varying

time periods. Thus, this project gave me fust-hand experience in caring for the chronic
experimental animal, and conducting surgery on cats with hepatic injury and. possibly
disrupted vascular systems. Moreover, having this experience greatly improved my abitty

to critically assess work of a similar nature.
The results of the research projects contained in this thesis will be presented in

3

sections. The first section (section VI) will discuss the methodologies developed for the
investigation of the pharmacology of vasoactive agents in the hepatic vascular bed. Section

VfI, consisting of 4 research units, will detail studies which assessed the pharmacology

and

functional roles of glucagon in the hepatic and mesenteric vascular beds. Finally, in section

VIII,

results obtained

in the development

and assessment

hypertension, chronic bile-duct ligation in the cat,
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will

of a new model of

be presented and discussed.

portal

In

each

section (or unit), an introduction

will

be given, followe.d by complete detaits of the methods

and materials utilized in the investigation, results and discussion of the results.
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METHOÐOT,O G{C,{L ÐÐVEN.OPMENTS F'OR. TF{Ð PHAR.MACOT,OGNC.E{,
ASSÐSSMÐNT OF'V,ASOA.CTNVE AGÐNTS TN TF{Ð F{EP,{T'XC AR.TÐR,V

NNTR.OÐUCTTTIq

It has been shown that changes in portal blood flow

lead to inverse changes in

hepatic arterial flow, tending to maintain total hepatic blood flow at a constant level, by
means of the hepatic arterial buffer response (FIA buffer response). The

HA buffer response,

its mechanism of action (adenosine washout), and its implications have been reviewed in the
general inftoduction.

Manipulation of portal flow, either mechanically or by vasoactive drugs, should
change hepatic arterial flow and conductance in an opposite direction to that of portal flow.

For example, if portal flow increases, the hepatic artery (HA) will constrict and d.ecrease its

blood flow,

if

portal flow is reduced, the hepatic artery will dilate and increase its blood

flow.
Previous pharmacological assessment of vasoactive drugs in the hepatic artery has
been plagued by confusion and erroneous conclusions. The hepatic artery has often been

refened to as a very unusual vessel in terms of its responsiveness to such drugs. For
example, intravenously infused dilator agents produce an elevation of portal blood flow
secondary to dilation of the splanchnic arteries, yet the hepatic artery often appears to
be

insensitive to the dilator @inzig et al., 1980; Krarup, 1975; Angerhn et al., 19g0; Lindberg
and Darle, L976) even though

it can be shown that direct infusion of the same agent into the
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hepatic aftery causes flow and conductance to increase (Lautt et al., 1988a; Richardson and

V/ithrington, I978a). However, most,
a-rtery,

if

not all the pharmacological work on the hepatic

until recently, was conducted without knowledge or consideration of the HA buffer

response and with inadequate techniques.

It is possible that the unusual reactivity of

the

hepatic aftery, in response to intravenously ad.ministered vasoactive drugs, is due to the
combined influences of the buffer response, counteracting the changes in portal blood. flow
(secondary to the drug-induced changes

in the splanchnic arterial vascular tone), and the

direct action of the drug on the hepatic artery. Thus,

if

the influence of the buffer response

is eliminated, the direct effect of the infused drug should be observed in the hepatic arrery.
Thus, the object of this investigation was to test the hypothesis that the HA buffer response
counteracts the direct dilatory effects of intravenousiy administered drugs on the

HA.

To

this end, it was necessary to select a specific vasoactive agent to use as a test compound on

the

HA.

Glucagon was chosen because

it is known to dilate the HA

(Richardson and

Withrington, 1'976a, 1977) and is physiologically relevant in the portal and hepatic blood.
This investigation also deals with the larger issue of using proper techniques to
accurately study the splanchnic vascular bed and the hepatic circulation in particular. As
mentioned above, most of the previous pharmacological studies cond.ucted. on the HA have
been conducted using inappropriate methods. By proving the stated hypothesis

of

this

investigation, it will be possible to make concrete suggestions for improved techniques
with

which to study the physiology and pharmacorogy of the hepatic vascular bed.
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METE{OÐS,ENÐ M.AT'ER.T.{ï-S
Cats were fasted overnight and anesthetized with penrobarbital sodium (32.5 mglL¡g)

by an intraperitoneal injection and a
adminisration of anesthetic

as

cannula was placed

in the brachial vein for

required. Systemic arterial blood pressure and central venous

pressure were measured by cannulas in the femoral artery and vein, respectively.

A tacheal

cannula was inserted to maintain a patent airway. After a laparotomy, electromagnetic flow

probes were placed to measure hepatic arterial flow and superior mesenteric blood flow.
Figure 12 illustrates the vascular preparation used. The hepatic arterial flow probe (Carolina

Medical Electronics 8P406) was placed on the celiac artery.

Alt

branches

of the celiac

artery were ligated, including the gastroduodenal artery, which was cannulated to allow for
close intrahepatic arterial infusions
entered the hepatic artery.

of drugs. In this way, all flow in the celiac afiery

A small vein in the cecum was cannulated to measure pVp. This

cannula advanced into the portal vein until its

tþ

was 1.5 cm from the hilum of the liver.

The spleen was removed and the splenic artery was cannulated to measure hepatic arterial
blood pressure (HA pressure). A micrometer-controlled screw clamp was used to confol
pressure or

flow within the celiac (hepatic) artery. The second flow probe (Carolina Medical

Electonics 8P407) was placed on the superior mesenteric artery (SMA), and systemic
arterial blood presslue was monitored from a cannula in the femoral artery. The inferior
mesenteric and gastric arteries were ligated.

A

second micrometer-controlled screw clamp

was placed on the SMA proximal to the flow probe to determine zero base line and
to
reduce SMA blood

flow. This methodology allows measurement of blood flows in the only

arteries left perfusing the

liver. All blood entering the portal vessel must derive from the
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Figure

12:

Preparation used

aRÍÉnY

to study the impact of the HA buffe¡ response on HA

conductance in response to i.v. infusions of glucagon leadin-e to elevated portal blood flow.

By removing the spleen and ligating the gastroduodenal,
arteries, all portal blood is derived from the

-eastric and

SMA. Portal flow

inferior mesenteric

can be regulated by an

arterial clamp on the SMA in the same manner that HA pressure is regulated rvhen SMA

flow is reduced. HA flow is equal to celiac arterial flow. HA and SMA blood flows wele
measured by electromagnetic flow probes on the celiac artery and SMA, respectively.
Cenrral venous pressure was measured from a femoral vein a¡d portal venous pressure was
measured by a cannula in the portal vein (not shown).
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SMA. Anastomotic

connections of the SMA provid.e adequate blood flow to the regions

normally supplied by the gastric and inferior mesenteric arteries as judged by

a

lack of gross

evidence of ischemic regions and the presence of microspheres in all tissues when injected

via the SMA (Lautt et al., 1985). Thus, in this preparation, SMA blood flow
synonymous with and equal to portal blood

was

flow. This methodotogy has been extensively

evaluated and verifîed (Lautt, 1981a; Lautt et al., 1985). The flow probes were calibrated

in situ at the end of each experiment by the following procedure: After the experimental
protocols were completed, approximately 50 mls of blood was removed from the cat and
retained in a heparinized flask. The animals were then killed by an overdose of anesthetic.
The SMA was cannulated towards the aorta from a location proximal to the flow probe, with
a PE tubing with a diameter approximately the same size as the

SMA. This cannula was

used as a drainage cannula during the calibration process. The cannula previously inserted

in the splenic artery to record HA

pressure was also used as a drainage cannula during

calibration of this vessel. The aorta was cannulated with PE tubing (PE 205) well below the

origin of the SMA. This cannula was advanced towards the SMA until the cannula tip was
approximately 5 mm below the SMA. The cannula was tied in place in this position. The

aofia was then ligated just above the origin of the celiac artery and the common hepatic
artery (the only branch of the celiac artery remaining intact) was ligated. With flowprobes

in place on the celiac aftery and the SMA, the blood retained in the flask was pumped into

this vascular circuit via the aortic cannula by a non-pulsatile rotary pump (Cole palmer
Masterflex). As the blood passed through the SMA and celiac artery, a deflection of the
recording pens occtrrred according to the rate of blood flow through the vessels. Timed
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blood volume measurements were made separately for each vessel. At a given pump rate,

multþle timed blood volume recordings were made after which the pump rate was changed
and timed blood volume measurements repeated. The difference in flow rates (ml\min\kg)

between these pump settings was divided by the difference

in pen deflection (mm) to

calculate the calibration factor for each vessel (mVmin/kglnun). The height of blood flow
responses (in mm) recorded during the experiment were then multiplied by the calibration

factor to obtain the actual blood flow for that point.
Body temperatwe was monitored and held at 37.5'C by use of a rectal probe and

a

thermal conftol unit (Yellow Springs Instruments, mod.el 72) operi,;tng heating rods in the
surgical table. Statham pressure transducers were used for measuring blood pressure; btood
pressures and flows were recorded on a Sensormedic type R-611 dynograph.

PROT'OCOX,S
Ðose-Response Curves

Constant infusion, stepwise inta-arterial dose-response curyes for glucagon

in

the

hepatic artery and inffavenous dose-response curyes for glucagon in the SMA were obtained

in every cat prior to the experimental protocol. The inta-arterial curves for the hepatic
artery were conducted to demonstrate that the hepatic artery was capable of dilating in
response

to glucagon. The highest dose used in the intra-arterial hepatic

dose-response

cluves was the largest dose not causing systemic recirculation, as indicated by dilation of the

SMA. A single dose of glucagon, capable of producing a significant dilation of the SMA,
was selected from the intavenous SMA dose-response curve.
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T'he F{epatåc Á,núe¡'Ían ts¡lffen Resporase

An inclusion criteria for animals in this investigation was that they had to be able to

elicit an HA buffer response. To produce

a

buffer response, portal blood flow was decreased

to zeto by means of the vascular screw clamp on the SMA. In response to the drop in portal

flow, the hepatic artery dilates and systemic arterial and hepatic arterial pressures rise. The
elevation

in hepatic arterial blood flow is due to two

mechanisms, the action

of the HA

buffer response and the increase in arteriat perfusion pressure. To eliminate the latter
mechanism and demonstrate the lone effect of the buffer response, hepatic arterial pressure

was decreased to the pre-buffer control level using the vascular screw clamp on the celiac

artery. Any remaining elevation in hepatic arterial flow was then attributed to intrinsic
vascular dilation, that is, the HA buffer response.

ÐffecÉ of Glucagon on the F{epatic anúenial Er¡ffer Response
Because glucagon was being used as a tool to study the HA buffer response,

it was

necessary to determine whether this hormone had any effect on the buffer response, per se.

Thus, buffer responses were obtained before and during a constant inffavenous infusion of

glucagon (taken from the SMA/glucagon dose-response

cuwe). The

calculated buffer

capacity (see calculations) was assessed for any changes due to the presence of glucagon.

EffecÉ

of the Flepatic A,rterial tsuffer

Resporase

on F{epatic A,nterÍal ConducÉance

Responses to Intnavenously Infused Gtucagon

Aside from calculating the buffer capacity, the presence of the HA buffer response
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can be assessed by monitoring changes in hepatic arterial conductance (HA conductance) in
response to alterations in portal blood

flow. Alternatively, the impact of the buffer

response

on hepatic arterial conductance can be examined by eliminating the buffer response and
monitoring the responses in the HA during changes in portal blood

flow. Eliminating

the

buffer response can be accomplished in 2 ways:

Method

I

In 9 cats, an intravenous dose of glucagon capable of producing a significant dilation

of the SMA was

selected from the SMA/glucagon dose-response curve and infused..

Responses in the SMA and hepatic artery were allowed to plateau.

At this point, portal flow

(SMA flow) was retumed to its pre-infusion base line level and changes in hepatic arterial

flow monitored. If hepatic arterial pressure (HAP) increased, it was also reduced to its
control level. Changes in SMA conductance and HA conductance were calculated at the
stable point of each experiment¿l manoeuvre.

Method 2

In a

separate group

of

cats (n=3), the buffer response was eliminated by

pharmacological means. Because the buffer response has been shown to be primarily
mediated by adenosine (Lautt et al., 1985), selective blockade of adenosine receptors should

prevent the action

of the buffer

response and allow the

HA to dilate in

response to

intravenous glucagon' This was accomplished by d,irect intrahepatic-arterial ad.ministation

of 8-phenyltheophylline (8-PT), a selective competitive adenosine receptor antagonist. 8-pT
has previously been shown to selectively block adenosine responses,
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in vivo,

as well as

effectively inhibit the HA buffer response (Lautt and Legare, 1985).
In these cats, intra-hepatic arterial and intravenous dose-response curves for glucagon
were obtained to demonstrate glucagon-induced dilation in the HA and SMA, respectively.

A low

dose

of 8-PT was injected into the hepatic artery followed by a test infusion of

adenosine, and a buffer response, to determine

if

adenosine responses were

adenosine response and the buffer response were still present, the d.ose

blocked. If the

of 8-pT was doubled

and the adenosine infusion and buffer response were repeated. This proced.ure was repeated

until adenosine and buffer responses were absent. A test dose of isoproterenol was

also

administered before the first dose of 8-PT was injected and afær adenosine receptor blockade
had been achieved. This was to ensure that inhibition of adenosine responses was selective

for adenosine and not for vasodilatory agents, in general. Intavenous glucagon was then
infused and the vascular responses in the SMA and hepatic aftery allowed to plateau. The
remainder of the protocol follows that of method 1 described above.

Calc¡¡lations

All

vascular responses in this investigation, and in this thesis, are reported in terms

of vascular conductance, rather than the more traditionally used, vascular resistance (-autt,
1989). Conductance is preferable to resistance as an index of vascular tone, in vivo, where
changes

in vascular tone are primarily

reflected as changes

in blood flow rather

than

perfusion pressure. Resistance is nonlinearly (inversely) related to blood flow and is
calculated as: perfusion pressure/blood

flow.

Consequently, exfeme changes in flow, such

as during an intense vasoconstriction, could result

t02

in a calculated resist¿nce approaching or

equaling infinity, a value that cannot be manipulated mathematically. Conductance, on the

other hand, is linearly related to blood flow and is calculated

as: blood flow/

perfusion

pressure. Changes in the calculated conduct¿nce, unlike resistance, parallel the changes in
blood flow resulting from changes in vascular tone. Using the intense vasoconstriction
example, even

if blood flow

was reduced to zero, calculated conductance becomes zero, and

is a value that can be easily manipulated mathematically. Thus,

because

of the nonlinear

relationship with blood flow, even simple mathematical functions, such as calculating means
can be rendered inaccurate. The linear relationship between blood flow and conductance
therefore allows mathematical manipulation of the data without incurring distor[ion of the
data.

As noted above vascular conductance was calculated as: arterial blood flogarterial
blood pressure minus venous blood pressure. Femoral arterial blood pressure and portal
venous pressure were used for SMA conductance calculations.

HA bloodpressure, measured

via the splenic arterial cannula, was used for calculating HA conductance along with portal
venous pressure since portal venous pressure

is insignificantly different from

hepatic

sinusoidal pressure (Lautt et al., 1986).

HA buffer capacity is expressed
in porøl blood flow

x

700Vo 0-autt et

as: change in

HA blood flow divided by the change

al., 1935). HA buffer capacity is an index of

the

ability of the HA to compensate for changes in portal blood flow and as discussed above,

sMA flow is equal to portal blood flow in this vascular preparation.
Glucagon (E.

Lilly & Co.) was dissolved in the injecøble solvent contatning l.6Vo

glycerine and 0.2Vo phenol which was then diluted in warm Ringer's solution to
be infused
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in avolume of 0.103-0.203 mVmin. 8-PT @esearch Biochemical Inc.) was dissolved (0.294

mg/kgn,l) in warmed NaCl (0.1M) solution at a pH

of

11.6 adjusted

with lN NaOH.

Adenosine (Sigma) was dissolved in warm Ringer's solution QSa mgkghrrn). Statistical
comparisons \ilere by paired analysis. The results are reported as the mean

*

st¿ndard error

of the mean.

RÐSUí T'S
Ðose-Response Curves

Intrahepatic arterial infusions of glucagon produced dose-dependent dilations of the

hepatic

artery. The mean of the highest

doses

of

glucagon not producing systemic

recirculation rwas 0.31 + 0.0 ¡tglkg/n\n (range 0.1-0.5
Fykymin) and produced an average
increase

in HA conductance of 55.1 + 7.17o. This dose of glucagon and change in HA

conductance should not be confused with the pharmacodynamic estimates of

ED,

(dose of

glucagon required to produce 50Vo of the maximal vascular response) and Rmax (maximal
vascular response produced by glucagon), which witl be discussed in the following research
units.

Inffavenous infusions of glucagon produced d.ose-dependent dilations of the SMA.

The mean dose of glucagon selected to produce a significant elevation in SMA flow was
1.22 + 0.17 (range 0.05 - 2.5

¡tglk{n\n)

.

Effect of Glucagon on the Flepatic Arterial tsuffer R.esponse
The HA buffer response was measured prior to glucagon infusion by reducing SMA
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flow from control levels to zero flow. The control buffer capacity was

19. L

+ 6.3To. Buffer

capacity in the presence of glucagon was 21.7 + 6.37o and was not significantly different

from the conffol buffer capacity.

lrnpacÚ of Éhe F{epaúüc .A.rûenial tsuffer Response on Hepatic ,A.ntería[ Conducúa¡ece
Meúhod f.
Intravenous infusions of glucagon caused SMA flow to rise from 16.2 + L.7 to 26.6

+ 3.0 ml,tkglmin and significantly increased SMA conductance from 0.162 + 0.013 to 0.287
+ 0.014 mlJ[<gmin/mmHg. At the same time that SMA flow was allowed to rise in response
to glucagon, hepatic afterial flow did not increase significantly (16.6 + L.4 ml4<g/min to 19.0

+

1.5 ml,tkglmin). Only a minor, insignificant, rise in HA conduct¿nce occurred (0.186 +

0.024 to 0.241 + 0.042 ml/{<g/min/mmHg). When SMA flow was reduced to control levels

with the vascular clamp (I5.2 + 1.5 ml/kg,/min) to remove the influence of the buffer
response'

HA flow rose significantly to 22.4 + 1.1 m!4<g,/min. HA

conduct¿nce also

increased significantly to 0.282 + 0.044 mykg,/min/nrnHg.

Method 2

In this group of

cats, direct hepatic arterial injections

of 8-pT were used to

pharmacologically remove the influence of the HA buffer response by blocking adenosine

receptors. Buffer capacity in the control state was 21.8 + 2.5Vo
3.6Vo

in the presence of

16 mg/kg

of 8-PT. Exogenous

artery were inhibited, whereas the percent change

10s

and.

was reduced to g.5 +

adenosine responses

in the hepatic

in HA conductance

induced by

isoproterenol was not significantly different from the control values (2L.4 + 9.6Vo

+

vs

IB.5

I2.0Vo), confirming that 8-PT selectively blocked endogenous (HA buffer response) and

exogenous adenosine responses.

The impact of the buffer response on HA conduct¿nce was assessed during
inffavenous infusions of glucagon (1.0 pdkg/min in all cats), before (figure 13, left panel)
and after inhibition of the buffer response by 8-PT (figure 13, right panel). In figure 13,

point A in both panels refers to the pre-infusion control values. At point B in the control
responses, glucagon dilated the SMA (89.4

+ 17.4Vo

increase in SMA conductance), but,

HA

conductance did not rise significantly (6.7 t20.8Vo). At point C, rhe elevated SMA blood

flow þortal flow) was returned to its pre-infusion level to mechanically remove the impact
of the HABR. HA pressure was also returned to its control level to eliminate the effect of
raised HA pressure on HA blood flow (point

D).

Thus, at point D in the contol state, the

HA was no longer subjected to the constrictor influence of the HABR and this vessel dilated

in response to glucagon. In the presence of 8-PT, glucagon dilated the SMA to the

same

extent prior to 8-PT blockade (89.7 + 28.77o increase in SMA conductance). However,
after

8-PT administation and adenosine receptor blockade, HA conductånce increased by 86.0 +
29.8Vo (n=3, p=Q.68). While the responses are not significantly different sratisrically,
owing

to the small number of subjects in this group, it is apparent that after the constrictor effect

of the HABR was blocked by 8-PT, the hepatic artery diiated subst¿ntially more to

the

intravenous glucagon. Following 8-PT blockade of the adenosine receptors, when
the buffer
response was already greatly inhibited, mechanical elimination of the

þoint C)

and controlling of HA pressure

HA buffer

response

þoint D) was withour signif,rcant add.itional effect.
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Figure

13:

lV GLUCAGON (1.Opg/kgimín)

lV GLUCAGON

(1

Effect of eliminating the impact of the hepatic arterial buffer

.0pgikglmin)

response,

mechanically andpharmacologicaily, on hepatic arterial bloodflow (HAF) when portal biood

flow (SMAF) is raised by an intravenous infusion of glucagon. Point A in both panels is
the pre-infusion base line. 'When the buffer is mechanically eliminated by controlling SMAF

(control panel, point B), the constrictor effect of the buffer response is removed and the HA
dilates in response to glucagon. When the

tIA buffer response is eliminated by blocking

adenosine receptors with 8-PT (right panel) the HA dilates from the start of the glucagon

infusion. Refer to the text for details.
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Figure

14: An example of the interaction of the hepatic arterial

buffer response and

intravenous glucagon (1.0 pg/k/min) infusion on heparic arrerial blood flow (HAF). The
more rapid onset of dilation in the HA than in the superior mesenteric artery (SMA) was
consistently (but not always) seen. As the SMA dilated and portal blood flow increased,

HAF

decreased despite the maintained infusion

of glucagon. 'When the SMA flow

was

returned to control levels, the HA dilated indicating that the secondary decline in HAF had
been due to the buffer response, activated by the elevation in portal blood

flow. The buffe¡

capacity in this example was large (657o) compared to the mean response of nine animals

using the same protocol (19.i + 6.3) but the qualitative relarionships were similar in all
animals.
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Figure 14 is a tracing t¿ken from one cat showing the SMA and HA blood flow
response

to an intravenous infusion of 1.0 p/kdmin of glucagon.

As opposed to the

response in figure 13, the HA underwent an initial dilation in response to glucagon. This
underscores the multitude of observations reported in the previous literature in regard to the

effect of vasoactive agents on the

HA.

Figure 14 also demonstrates the dual action of the

buffer response, that is, constriction and dilation. For example, as the slowly developing
elevation

in SMA flow þortal btood flow) occurs, the HA constricts and blood flow

decreases from its elevated state. When SMA blood

flow is reduced to its pre-infusion

base

line, the HA dilates.

ÐTSC{JSSTON

The object of this investigation was to test the hypothesis that the hepatic arterial
buffer response (FIA buffer response) counteracts the d.irect dilatory effects of intravenously
administered drugs on the hepatic artery. This hypothesis was based on the observation that
changes in portal blood flow have been shown to activate the buffer response, resulting in
changes of HA flow in a direction opposite that occuring in portal

flow. It was not clear,

however, what the interaction between portal and HA flow is during intravenous infusions

of vasoactive compounds. As noted in the introduction of this section, there are

several

examples of where the HA response to intra-arterial drugs is opposite to that seen with
inffavenous administration of the same agent. It seemed probable that general dilator agents
could result in elevated portal blood flow which would activate the HA buffer response and
lead to a consffiction of the HA rather than the anticipated dilation. Similarly, a constrictor
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agent could reduce portal blood

flow and lead to dilation of the HA.

The present data show that the HA was induced to dilate to direct arterial infusions

of glucagon. Furthermore, glucagon did not affect the ability of the HA buffer response to
function since the calculated buffer capacity was unaltered in the presence of this compound.

However, with intravenous infusions, the dilator effect on the superior mesenteric artery

(SMA) led to an elevated portal blood flow and no statistically significant net vasoactive
effect on the

HA. In this condition the HA received

arterial blood with the same drug

concentration as that delivered to the other arteries including the SMA, which underwent

dilation. The direct dilator effect of glucagon on the HA

appeared, however,

to be

counteracted by the constrictor effect of the buffer response activated. by the elevated portal

flow. This interpretation is verified by the observation that if SMA flow

was returned to

control levels by use of a vascular clamp, the HA dilated. in the presence of the inffavenous

infusion. Moreover, no net vasodilator effect on the HA was seen with infavenous glucagon
infusions unless the rise in SMA flow was prevenûed.

In the presence of 8-PT, the HA buffer response was inhibited. As

a result, the rise

in portal flow in response to intravenous glucagon cannot activate the buffer response. The
direct actions of glucagon, therefore, produced a rise in HA blood flow and conductance
from the onset of the infusion (figure 13). In addition, mechanical elimination of the buffer
response by reducing SMA

flow to the pre-infusion level did not produce any further dilation

of the HA in response to the glucagon infusion. The results are clear, that, by removing the
influence of the HA buffer response, either mechanically or pharmacologically, tþe HA is

fully capable of dilating in response to infravenously infused glucagon. These results suppofr
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the hypothesis that the HA buffer response counteracts the direct dilator effects of glucagon

on the HA.
Several implications, in respect to the study of the pharmacology and physiology of

the hepatic arterial vascular bed, arise from these results. To assess the direct response of
vasoactive agents

in the HA, one must assure that portal flow has not changed,

activating the buffer response. There are many examples
confounding effects

thereby

in the literature where

the

of the buffer response may have lead investigators to erroneous

conclusions regarding the reactivity of the

HA.

Adenosine infused intavenously caused

dilation of all arteries measured except for the HA, which constricted (Lagerkranser et al.,
1984) despite reports

of a dilating effect of adenosine on the HA (Lautr et al.,

Prostacyclin infusion led to 18-65Vo increases

despite no dilation

1985).

in splanchnic organ flows and portal flow,

of the HA (Einzig et al., 1980). Histamine, given by

infravenous

infusion, elevated portal blood flow and reduced HA flow (Krarup, Ig75) whereas arterial

administation leads

to

hepatic arterial dilation (Richard.son and Withrington, 197Sb).

Intavenous dopamine in cats (Kullmann et al., 1983), dogs (Hirsch et al., 1975: peschl,
1'978) and man (Peschl, 1978; Angehrn et al., 1980; Grimaud. er

al., 1981) resulrs in elevated

pofral and decreased hepatic arterial blood flow. Vasopressin, a potent constrictor, has been
reported to lead to hepatic arterial dilation (Heimburger et al., 1960; Krarup, 1,975) or no
response (Richardson and Withrington, 1978c) concomitant with portal flow reduction, yet,

vasoconstriction occurs with arteriat infusions (Shanbour and Hinshaw, 1969; Richardson and

'Withrington,

1978c). Glucagon infused intavenously is reported to show wide

species

variation for effects on the HA with the cat showing elevation of portal flow, pigs mainly
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showing increased portal flow and dogs showing elevation in both flows (Gelman et al.,
1987; Kratup and Larsen, 1974; Lindberg and Darle, 1976; Richardson and Withrington,

1981). An example of this variability, taken from the current investigation, is illusffated in

figure 14. In this case, HA blood flow initially increases due to the dilatory effect of
glucagon. As the slowly developing elevation in SMA
þorøl) blood flow occurs, the buffer
response

is triggered and HA flow begins to decline. Returning SMA flow to its pre-

infusion level eliminates the HA buffer response and HA flow returns to an elevated level.
Upon removing the resüaint on the SMA, flow in this vessel rises and reaches a plateau.
The stimulus for activating the HA buffe¡ response (the rise in portal flow) is again present
and the HA constricts back to its pre-infusion

level.

causes an immediate decline

a rapid increase

in SMA flow and

Cessation

of the glucagon infusion

in HA flow. The

increase

in HA flow is likely due to a combination of the deactivation of the constrictor effect of the
buffer response on the HA (as SMA flow d.ecreases) and. the dilatory effect of residual
glucagon still present in the circulation.

This figure illustrates several points:

1)

The interaction of the buffer response and

pharmacological agents is a complex event which can result in a variety of responses
in the

HA. In this figure, the HA initially dilates in response

to glucagon. In figure 13, despite

infusing the same dose of glucagon, the HA did not initially d.ilate, yet in both cases,
the
buffer response was present.

2)

This figure also demonstrates the dual action of the buffer

response' that is, constriction and dilation. For example, as the slowly developing
elevation

in SMA flow þortat blood flow) occurs, HA flow

decreases

from its elevated state. when

SMA blood flow is reduced to its pre-infusion base line, the HA d.ilates. 3) Without prior
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knowledge of the buffer response, or if portal blood flow was not controlled (or monitored),
one might conclude that glucagon had a biphasic effect on the

dilatory effects on the mesenteric vasculature. Thus,
assessing the responses of the

it

HA while having purely

should be reiterated, that, when

HA to vasoactive agents, portal flow must not change, or must

be monitored, to properly interpret hepatic arterial responses. This is of obvious relevance

when drugs are given intravenously, but also holds true for intrahepatic arterial or portal
venous administration

of a drug at doses that

produce recirculation

of the drug in

the

systemic circulation.

While it is not proven that the HA buffer response is the cause of the differential
effects of inffavenous versus inffa-arterial infusions on the HA in the cited examples, the
present data indicate that this interpretation does account for such observations in the case

of glucagon in the cat. The existence of the buffer response is known in
including man, (reviewed by Lautt, 1985) and

it

a

variety of species,

appears highty likely that the splanchnic

vascular response to intravenous infusions of any vasoactive compound

will

be confounded

significantly by the effect of altered portal flow on the hepatic artery.

S[JMMAR,V
This investigation demonstrated that the adenosine-mediated HA buffer response can
interfere with the direct dilator effects of glucagon on the HA when glucagon is administered

flow. Although it is not direct proof,

systemically, due to elevation of portal blood

these

findings do suggest a possible explanation for the confusion in the previous pharmacological
literature regarding the reactivity of the

HA.

These results also address the larger issue of
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the techniques needed to properly study the pharmacology of the

HA. It can be concluded

with certainty that when assessing the pharmacology of any vasoactive agent on the HA,
whether with sysúemic or direct arterial adminisnation of the agent, portal blood flow must

not change or at the very least, portal blood must be monitored in order to make accurate
conclusions about the responsiveness of the HA.
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SECTÍON

VTT

PH.&R.M.&COT,TGV .A.NÐ F''{JNCT'NTN.4T, CTNSMERATTTNS OF' GX,{JC,EGON
nN THE F{EP.A.T'XC .&NÐ MÐSENT'ERÏC V.ASC[JX.^AR. tsEÐS OF'' T'HE C.AT'

In the preceding section, glucagon was used as an investigative tool to study

the

interaction between portal venous and hepatic arterial blood flows in the phenomenon of the
hepatic arterial buffer response. In section VII, the hepatic and mesenteric vascular beds are

used as research tools to assess the pharmacology and functional role that glucagon may
have in these circulatory systems.

Section

VIn.1.

Glucagon FhanrnacodynamÍcs

and Modulation of' Nerve

Norepinephrine-nnduced Constrictor Responses Ín the Elepatic Arteny of The

and

CaÉ

TNTR.OÐ{JCTXON
The pancreatic peptide, glucagon, has long been of interest for its role in liver-related

metabolic functions, particularly glucose metabolism. In respect to the liver, glucagon is also

of interest from a cardiovascular point of view. It has been reported that this peptide

\ryas

able to dilate the hepatic artery (HA) in a dose-dependent manner when infused d.irectly into
the HA of the dog (Richardson and Withrington, I976a). Equivocal vascular responses were
reported for glucagon when it was infused into the portal vein @.ichardson and'Withrington,

1978a). This is suggestive of glucagon recirculating into the systemic circulation

and

activating the HA buffer response, as described in the previous section. In the I970,s,it was
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also repor-ted that inna-arterial and intraportal venous infusions of glucagon were able to

inhibit constrictor responses in the HA, induced by direct stimulation of the hepatic nerves
and by intra-arterial infusions of angiotensin, vasopressin and norepinephrine @ichardson
and Withrington, 1976b, 1977, 1978b). These findings, however, have not been extended

to other species and little work has followed the initial reports. At a symposium on hepatic
circulation, Greenway (1981a) reported that he had been unable to confirm this effect using
similar doses of glucagon utilized in the previous investigations. Furthermore, with advances
that have been made in the understanding of hepatic hemodynamics and improvements in
the techniques to study the hepatic vasculature, the reported inhibitory effects of glucagon
may be seriously questioned. Thus the aim of this study was two-fold. One objective
to determine

if

ìwas

this peptide was capable of modulating neual-mediated and norepinephrine-

induced vasoconstriction

of the HA. To this end, pharmacological

assessment

of inffa-

arterial and inffaportal infusions of glucagon in the HA was carried out and constitutes ttre
other primary objective of this investigation. The methods used to conduct this aspect of the

investigation stem directly from the suggestions made in the previous study presented in this
thesis (Section

VI).

The effect of glucagon on the phenomenon of vascular escape (reviewed

by Greenway, 1984a) was also investigated, but will be presented in a separate section
(section VII.4.).

MET

NODS .ANÐ MAT'ER,T^AX,S

Cats of either sex were fasted overnight and anesthettzed. with pentobarbital-sod.ium

(32.5 mgkg) via an infraperitoneal injection. Anesthesia was maintained throughout the
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experiment by supplemental doses (6.5 mg) of the anesthetic through a brachial vein cannula.

Body temperature was maintained at 37.5'C by means of a rectal probe and a thermal
control unit which regulated heating rods in the surgical table.
Systemic a¡terial blood pressure was monitored from a catheter in the right femoral

artery. Central venous pressure was monitored from a cannula inserted via a femoral vein
into the inferior vena cava. A tracheal cannula was inserted to maintain a patent airway.
Abdominal surgery was initiated by a midtine incision from the xyphoid process to the

umbilicus. The common hepatic arfery was exposed and the anterior plexus of the hepatic
nerves was gently separated from this vessel. The nerve bundle was ligated, transected, and
the peripheral end was placed in a circular bipolar stimulating

elecfode. The gastroduodenal

artery was cannulated to allow direct inta-arterial infusions of drugs into the HA and to
measure HA blood pressure.

All vascular branches of the coÍtmon HA except for the HA

proper were ligated. This ensured that all blood flow through the coÍtmon HA was equal
to HA

flow. An electromagnetic flow probe (Empco, Carolina Medical Electronics, size 4)

was placed on the common HA to measure HA blood

flow.

vascular balloon occluder was also placed on the common

Dist¿l to the flow probe

a

HA. A string was looped around

the HA at its junction with the common HA (T-junction) and, along with the balloon
occluder, was used to determine the zero flow baseline. Inflating the balloon occluder
should reduce HA blood flow to zero. Similarly, occlusion of the HA via the sning at the

T-junction should also produce

a reading

of zero HA flow if all the branches of the common

HA have been ligated.
Portal venous blood pressure was monitored via a cannula threaded down a small

I17

cecal vein into the portal

vein.

The cannula was advanced until its tip was situated

approximately 1.5 cm from the hilum of the

liver. Using

a corrunercial intravenous need.le

unit (Jelco, Critikon Canada Inc.) a portal infusion line for glucagon was inserted into the
portal vein and held in place by surgical tissue glue (Histoacryl).

A

short length of the superior mesenteric artery (SMA) was gently cleared of its

surrounding nerves and tissue. An electomagnetic flow probe(Empco, Carolina Medical
Electronics size 8) was placed on the SMA to monitor blood

flow. The surgical

preparation

is illusfrated in figure 15. In this preparation SMA flow did not equal portal venous blood

flow.

Rather, SMA flow was used only as a rough index of portal blood flow and its

changes.
changes

As

described in Section

Vf, alterations in portal blood flow will produce inverse

in HA flow, by means of the HA buffer response.

vasodilator agents infused directly into the HA or portal vein
and produce an increase in portal

flow.

arterial buffer response to constrict the

Systemic recirculation of

will

act directly on the SMA

This change in portal flow triggers the hepatic

HA.

The resultant state of the HA

will be a

combination of the direct action of the dilator agent and the constrictor effect of the hepatic

arterial buffer response (see Section

VI

and Lautt et al., 1988a). To obviate this

complication in these experiments, only those doses and responses that did not cause changes

in SMA flow were

analyzed.

After surgery was completed, the cat was allowed at least 30 minutes to stabilize
before any procedures were conducted. At the end of each experiment the flow probes were

calibrated in situ. The procedure for calibration is identical to that described in section VI,
except that only the HA was calibrated.
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Figure 15: Preparation used to

assess the pharmacology and

modulatory effect of glucagon

on nerve- and norepinephrine (NE)-induced constrictions of the

HA. Constriction of the HA

were produced by NE infused into the HA, and stimulation of the hepatic anterior nerve

plexus. Glucagon was infused into the portål vein. HA and SMA flows (HAF, SMAF) were
measured

by electromagnetic flow probes on the cornmon hepatic artery and SMA,

respeÇtively. SMA flow was monitored for systemic reci¡culation of glucagon. FAP,
femoral arterial pressure; HAP, HA pressure; CVP, inferior vena caval pressure; PVP, portal
venous pressure. See text for details.
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Glucagon (E.

Lily & Co.) was dissolved in the injectable solvent contatnrng 1.67o

glycerine and 0.2Vo phenol which was then diluæd in Ringer's solution. Infusion volumes
ranged between 0.0203-1.03 mVmin.

A

stock solution of norepinephrine was diluted

accordingly with Ringer's solution.

All

pressures were monitored using St¿tham pressure transducers. Pressures and

flows were recorded on a Beckman Dynograph Recorder. Infusion of drugs was
accomplished using a Harvard Apparatus constant infusion pump.

PR.OT'OCOLS

Intra-Arúenial and nntnapontal Ðose-Response Curves
Intra-arterial and intraportal venous dose-response curves were obtained using

a

constant infusion of glucagon and increasing to the next dose in a stepwise manner. The

high dose was taken as the dose prior to that which produced recirculation, as evidenced by
a rise in the SMA

flow. The purpose of determining these curves was two-fold: 1) to

compare the effect of equal doses of glucagon on the HA when administered through these

different routes, 2) to select a low (ust perceptible vasodilation), mid and high dose (highest
dose that did not alter systemic hemodynamics) of glucagon from the portal dose-response

curve to antagonize the nerye and norepinephrine-induced vasoconstriction.

EffecË of GlucagoÍ! on Nerve and fdorepinephrÍne-Xnduced Vasoconstniction

Two doses of norepinephrine, selected according to the responses of several

doses

initiatly tested in each cat, were infused directly into the HA via the gastroduodenal aftery.
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The anterior plexus of the hepatic nerves \ilas stimulated at a low (average frequency 2.2IH2)
and high (6 Hz) frequency (1 msec duration, 15v square wave). Each constictor stimulus
was applied for 3 minutes. The nerve and norepinephrine responses were úested in random

order. A

complete test procedure consisted of: control responses for all 4 constrictor

stimuli; repetition of constrictor stimuli in the presence of a low dose of glucagon; second

confol

responses

for all constrictor stimuli; repetition of constrictor stimuli in the presence

of a mid dose of glucagon; third control

responses

for all constrictor stimuli; repetition of

all constrictor stimuli in the presence of a high dose of glucagon; final conffol responses for

all constrictor stimuli.

Calc¡¡latÍons
Vascular responses to glucagon and the constrictor stimuli were calculated in terms

of conductance (Lautt, 1989). HA conductance was calculated as follows: HA conductance
= HA blood flow/ (HA blood pressure minus portal venous blood pressure). Approximations
of portal blood glucagon concentrations were calculated as (dose of glucagon)/Snna flow and

corrected for an estimated hematocrit of 327o (Lautt, 1976).
Peak vasoconstriction was calculated as the percent change

in HA conduct¿nce from

the pre-stimulation level to the initial peak of vasoconstriction (within one minute), not
necessarily the lowest point

of the response. In all of the control responses the peak

constriction occurred within one minute from the onset of the stimulus. To determine

if

the

degree of antagonism by glucagon was related to the stimulus intensity or type, the responses

were standardized by calculating the percent inhibition of vasoconstriction: (control response

T2T

minus test response during glucagon infusions)/confrol response, and expressed as percent.

The pharmacodynamic estimates of Rmax (maximal dilation) and EDro (dose of
glucagon required to produce 507o of the Rmax) for glucagon on the HA were calculated by

nonlinear regression using the Graphpad computer program (ISI software). The use of
nonlinear regression to estimate the Rmax and EDro has been discussed previously (Lautt,

1990), but

will be briefly reviewed. To conduct

response data, vascular tone must be expressed

pharmacological assessment

in terms of

of

dose-

conductance, not resistance.

Conductance has been shown to be superior to resistance as an index of vascular tone under

in vivo conditions (I-autt, 1989) and has been discussed in section VI of this thesis. Drugs

to be assessed must be infused to attain a
receptor

site. Under

steady-state concentration

these conditions, the dose at steady-state

of the drug at the

is assumed to be linearly

related to the concentration of the drug at the receptors. In this investigation (and all others
to follow) glucagon was administerd as a constant infusion and the vascular response in the

HA was allowed to stabilize (or plateau) before the dose of glucagon was increased, ie.,
steady-state

for glucagon concenfrations at the receptors is

Vascular tone

in the HA

assumed

to have occurred.

was calculated during the plateau response for each dose of

glucagon. Only those doses of glucagon not producing systemic recirculation were used to
estimate the Rmax and ED5s, thereby maintaining the assumption of a linear relationship
between the infused dose of glucagon and the concentration of this agent at the receptor

sites. It is also emphasized that a reasonable estimate of the Rmax (and consequently the
ED5J can be obtained

if

the maximal dose of the dlug being assessed produces a vascular

response that is at least 707o of the estimated Rmax, and
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if

nonlinear regression analysis

shows a good

fit to the data (f value > 0.8) (Lautt, 1990). Lautt has substantiated

these

claims in several publications (I-autt, 1989, 1990; Lautt and McQuaker, 1989)
The algebraic equation of the nonlinear regression used to

in this and the following studies in the thesis

fit

the dose-response dat¿

was:

y=(A"X)/(B+X)
Y is designated

as the value on the y-axis

of the plot (dependent variable) or the measured

response. X is designated as the value on the x-axis of the plot (independent variable) or
the dose of the drug, in this situation. Y initially has a value of zero and increases to an
estimated maximum plateau value of

A (Rmax) with B

required to produce 50Vo of the Rmax

(ED'J.

designated as the dose of the drug

Once the estimates of Rmax (A) and EDro

(B) have calculated, the specific percentage of the Rmax produced by a given dose of the
drug can be estimated from the equation or the curve itsetf.

Mean and standard errors of the mean are reported throughout Control ïesponses
are taken as the mean of the responses measured before and after the test responses (during

glucagon infusion). Comparisons are made using paired t-tests and blocked ANOVA
(repeated measures analysis of variance) with multiple comparisons by Duncan's test.

R.ESUT,T'S

Mean conffol femoral arterial prcssure was 134 + 5 mmHg; portal venous and central
venous pressures were 7.9 + 0.6 mmHg and 4.4 + 0.5 mmHg respectively; SMA flow was
17 +

2.I mVmin/kg body weight

and SMA conductance was 0.138 + 0.02 rnVminlkg/mmHg;

HA flow was L4.2 + 1.9 mVminlkg body weight and HA conductance was 0.1L4 + 0.02
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mvrninlkg/rnmH g (n=12).

The two constrictor doses of norepinephrine for intra-arterial infusion into the HA
were selected from a range of 0.125 to I.25 pglkg/rrrtn. The mean value for the low dose
was 0.30 + 0.04 pglkg/rnln; the mean high dose was 0.8 + 0.16

pgkglffirn. The mean low

nerve frequency was2.2 Hz (range 2-3Hz). The high nerve stimulation frequency used was

6 Hz for all cats. The norepinephrine doses and nerve stimulation frequencies are referred
to throughout as low and high for the respective stimuli.

Ðose-Response Curves

The direct inta-arterial and inftaportal dose-response curves indicate that glucagon
is capable of dilating the HA in a dose-dependent manner. The maximum dose of glucagon
not producing systemic recirculations varied between cats. The highest dose achieved in all
cats, however, was

0.2 ¡tgtkg/mtn and was the same for both routes of infusion. The mean

change in HA conductance at this dose for intra-arterial glucagon was 62
65.2

+

LLVo (n=7) and

+ I6Vo (n=7) for the portal infusions. The pooled values for the inna-arterial ED,

Rmax, calculated by non-linear regression, were 0.113 + 0.0035

respectively

(f

and

p/kglmin and9l.2 + 1.337o

>0.99). Pooled values of EDro and Rmax for the portal administration of

glucagon were 0.085 + 0.019 pdkdmin and 90.5 + 9.03Vo (l=0.98) The glucagon dose of

0.2

¡tg/'<g/mLn (maximal dose analyzed

for the arterial and portal venous

dose-response

curves) was found to estimate the ED* and EDrn for the arterial and portal venous doseresponse curves. Paired comparisons of the EDro and Rmax

for the individual inta-arterial

and inffaport¿l curves showed no significant differences. Thus, the response of the HA to
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the infusion of glucagon by either route appeared to be identicat based on comparisons of
the ED5¡, Rmax and the plot of the curves (figure 16).

Effecú of Glucagon on Feak Vasocor¡stnicúÍon

All

three doses of glucagon that were selected from the portal dose-response curye

to antagonize the vasoconsffiction of the HA were able to produce dose-dependent dilations

of this vessel. For each dose of glucagon, the portal blood glucagon concentration

was

estimated using SMA flow and not ûotal portal flow since the spleen and inferior mesenteric

aftery were left intact and their relative contributions to portal flow were not measured.
Calculated values

for portal blood glucagon concentations are therefore somewhat

overestimated. The low dose of glucagon (0.047 + 0.014 pdkg/min) produced an estimated

portal blood glucagon concenÍation of 3.16 + 0.19 ng/ml, the mid dose (0.13 + 0.04
pg/kdmin) produced an estimated portal blood glucagon concentration of 10.63 + 0.89 ndrnl
and the high dose (0.31 + 0.07 ¡rglkg/min) produced an estimated portal blood glucagon
concenüation

of

18.29

+ I.52 ng/ml.

Figures 17 and 18 depict the control and test responses during glucagon infusions for
nerye- and norepinephrine-induced vasoconstrictions. Blocked ANOVA indicated that the
conffol responses, represented by the mean of the control responses before and after each test
response, did not change with time for the nerve- or norepinephrine-induced constrictions.

Blocked ANOVA of the test responses showed that glucagon did not significantly inhibit the
nerve- or norepinephrine-induced constrictions at any dose. Rather, glucagon, at some doses,
had a tendency to potentiate the vasoconstrictions, albeit to a small degree. No dose of
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Figure 16: Intra-arterial and intraportal dose-response curves for glucagon on the percent
change in hepatic arterial conductance (FIAC). Responses are reported as the mean + SE

(n=7). Glucagon was administered

in a

as a constant infusion and was increased to the next dose

stepwise manner. Only those doses that did not produce systemic recirculation are

reported here, with the maximum dose beng 0.24 pg/kilrrun. The Rmax and EDro for the
intra-arterial curve were9l.2 + 1.337o and 0.i13 + 0.0035

p/kdmin (f

>0.99), respectively

and 90.5 + 9.03Vo and 0.085 + 0.019 pdk$min for the portal curve (l=0.98).
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Figure 17: Effect of low (0.047 + 0.014

glucagon

ffirtigrr gtucagon

¡:/k/min), mid (0.13

:

0.036

¡¡/k/min)

and high

(0.31 + 0.07 ¡tgkglnun) doses of inraportal glucagon on the peak constricrion of the HA,
induced by direct nerve stimularion at low (2.2 Hz) and high (6 Hz) frequencies. Responses
are reported as the mean

t

SEM (n=5) of the percent changes in hepatic arterial conductance

(HAC) from the pre-stimulation baselines.

Responses are negative values, ind.icating a

decrease in conductance. Control ba¡s a¡e the mean of the control vasoconstrictions before

and after the test responses. Blocked ANOVA of the conÍol and test responses showed that
glucagon did not inhibit the vasoconstrictions at any dose. Statistical analysis of the pooled
data indicated that the mid dose of glucagon produced a sigrrif,rcant potentiation of the newe-

induced vasconstriction (29

+

10.2Vo).
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Figure 18: Effects of low (0.041 + 0.014

ffirtigrl

glucagon
glucagon

¡:/k/min), mid (0.13 t

0.036 ¡:g/kg/min) and

high (0.31 + 0.07 ¡:/kglmin) doses of inu'aportal glucagon on the peak constrictions of the

HA, induced by low (0.30 t 0.04 p/kdmin) and high (0.80 + 0.16 ¡rg/kg,/min) doses of
norepinephrine

(NE).

Responses are reported as mean + SE(n=5)

of the percent change in

hepatic a¡terial conductance (fIAC) from the pre-stimulation baselines. Responses are
negative values, indicating a decrease in conductance. Control bars represent the mean of

the conh'ol responses before and after each test response. Blocked ANOVA of the control
and test responses showed that glucagon did not significantly inhibit the vasoconstrictions
at any dose. Statistical analysis of the pooled data indicated that ttre mid dose of glucagon

significantly potentiated the responses for norepinephrine-induced consffictions (20.6 +
10.2Vo).
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T'AtsT,E 2
Percent inhibition of nerve- and norepinephrineinduced vasoconsfictions in the hepaúc artery
by intaportal glucagon

7o

inhibition by doses of glucagon

(p/kdmin)
Constrictor
Stimulus

Low

Mid

0.045

r

0.01

0.13

f

0.04

Low Nerve Stim
(2.2 Hz)

-7.9

t

7.4

-40.1

t

15.6

High Nerve Stim
(6 Hz)

-r7.3

t

15.6

-78.4

Low NE

t3.2

x

14.0

9.1

t

4.6

(0.3

r

r

1.8

f

33.5

x 4.6

-4.9

t

tI.6

-20.8

r 8.8

-13.5

-20.4

t

r 8.7

0.04)

High NE
(0.8

High
0.31 r 0.07

1.6

3.7

t

17.7

0.16)

Note:

Norepinephrine (NE, pdkg/min), was infused intra-arterially. Negative values
indicate a potentiation of responses, positive values indicate an inhibition of vasoconstriction. Values are the mean t SEM (n=5). Percent inhibition = [(control response-test
response)/(conúol response)l x 100. Percent inhibitions were not significantþ different by
blocked ANOVA.
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glucagon, however, potentiated vasoconstriction more than any other dose of this peptide,
as indicated by blocked

2).

From øble 2

ANOVA of the calculaæd percent inhibition of constriction (øble

it is apparent

that the only consistent trend was that the mid dose of

glucagon weakly potentiated the vasoconsfriction for both constrictor stimuli as indicated by

the negative value for percent inhibition. Statistical analysis of the pooled, percent change

in HA conductance data, for the mid dose of glucagon indicated that the potentiation
produced by this dose
responses and 29.2

of glucagon was 20.6 + I0.27o (P<.05) for the norepinephrine

+ I0.27o (P<.01) for the nerve-induced

constrictions.

Ðrsc{JssxotN
The aim of this study was to assess the pharmacology of glucagon on the hepatic
artery (HA) of the cat and to determine whether glucagon could modulate the vasoconstrictor
responses of the

HA induced by direct stimulation of the hepatic sympathetic nerves and by

norepinephrine infusions into the HA.

Ðose Response Cunves
Glucagon dilated the HA in a dose-dependent manner when administered directly into

the

HA.

Only those doses and responses that did not produce systemic recirculation of

glucagon were analyzed. Recirculation was monitored by changes in SMA

flow.

Previous

studies in the dog (Bashour et al., 1973; Richardson and Withrington, I976a,I976b, 1977)
and cat (reported

in section VI of this thesis) reported similar dose-dependant dilations of

the HA in response to intra-afterial infusions, although Ross (L97})reported
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HA constrictions

in the cat in response to intra-arterial glucagon. In the present study, the highest doses not
producing systemic hemodynamic effects increased HA conductance by 62Vo. Bashour et
aJ.

(1973) and Richardson and Withrington(1976a,1976b,Lg77)reporred

decreases in hepatic

arterial vascular resistance between 17Vo and 37Vo, which, when recalculated in terms of
conductance from their available data, was approximately equal to the rise in conduct¿nce
obtained in the cuffent investigation. These investigators, however, tended to use large doses

of glucagon which caused systemic perturbations in blood flow and pressure, the significance

of which will be discussed later.
Intraportal infusions of glucagon also produced dose-dependent dilations of the HA,

with a maximal increase of 657o in HA conductance. By expressing vascular ïesponses

as

conductance (rather than the more conunonly used resistance), classical pharmacodynamic
analysis of the dose-response curve can be carried out using non-linear regression to estimate

Rmax and EDro (Lautt, 1989). Comparisons of the Rmax (maximal dilation) and EDro (dose

of glucagon required to produce

50Vo

of the Rmax) for the intraportal and inffa-arterial dose-

response curves indicated that the responses were nearly identical for both routes of infusion.

Furthermore, the glucagon dose of 0.2a ¡tglkglffin, which was the highest dose analyzed for

both routes of infusion, was calculated to be the ED* and EDro for the inta-arterial and
intraportal dose-response curves. Furthermore, the

/

value for both curyes, which is an

indication of how well the regression curve fits the data, are well above 0.80. Thus, the Rmax

for both of these culves should be a reasonable estimate of the maximal response in the HA
to intra-arterial and inúaportal venous glucagon (Lautt, 1990).
Despite the fact that glucagon produced equal responses in the HA whether infused
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into the HA directly or into the portal vein, Richardson and Withrington (1978a), obtained
equivocal responses with intraportal infusions. Other vasoactive compounds have shown less

effective HA dilation when administered via the portal vein (Lautt et a1., 1984), which is in
contrast to the equal effectiveness shown

in this study. In that investigation,

systemic

recirculation of the infused agents was also monitored, thereby eliminating this as a potential
technical artifact. At present, the reason for the unexpected sensitivity of the HA to portal
infusions of glucagon in the cat is unknown. Because there was no systemic recirculation

of glucagon, the results suggest that this peptide, infused into the portal vein reaches the HA
via a tanshepatic route. Fulthermore, glucagon may freely diffuse between the portal venules
and hepatic arterioles.

As mentioned earlier, only those doses that did not produce systemic recirculation of
glucagon were analyzed. Such doses produced dose-dependent dilations of the
doses

HA.

Large

of glucagon (or any vasoactive agent), infused directly into the portal vein or hepatic

afiery, can escape metabolism by the liver, enter the general circulation (recirculation) and
produce alterations in blood flow and blood pressure in other vascular bed.s. More specifically,

recirculation of vasodilator agents can dilate the mesenteric vasculature, thereby increasing
the portal venous flow supplying the
changes in portal

liver. It was shown in the previous

section that these

flow can activate the adenosine-mediated mechanism of the hepatic arterial

buffer response (Lautt et al. 1985) to produce a constriction of the HA in opposition to the
direct dilating effects that the agent has on this same vessel. Results demonsfrating this effect

for glucagon were reported in section VI of this thesis. The resultant

state

of the HA will

be a combination of the direct action of the dilator agent and the constrictor effect of the
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hepatic afienal buffer response. Thus, to accurately assess the pharmacodynamics of intraarterially administered vasoactive agents in the HA, it is imperative that systemic recirculation

of these compounds be minimized.

Glucagon and Feak VasoconsúrÍctìon
Glucagon did not inhibit the nerve and norepinephrine- induced vasoconstriction of
the

HA. The mid dose of glucagon consistently potentiated

the

initial peak vasoconstrictions

for both constrictor stimuli (table 2), however, the low and high

d.oses

of glucagon showed

no significant or consistent effects on the constrictions. Our results suggest that when
glucagon potentiates the vasoconstrictions, it is likely operating at a postsynaptic site, since
the nerves and norepinephrine-induced constrictions rvere potentiated to a similar extent. This

mild potentiation is not an artifact of altered baselines induced by vasodilation, since the high
dose of glucagon produced a larger dilation than the mid dose, yet showed no modulation

of the constrictor

responses.

The finding that glucagon did not antagonize vasoconstriction at any dose and
potentiated

it at some

doses is

in conflict with earlier reports. Richardson and V/ithrington

(1976b, 1977,I978a) administered glucagon via the HA and portal vein, by injection and
constant infusion, and found that both routes and modes of administation were able to inhibit

vasoconstriction induced

by direct nerve stimulation and intra-arterial injections of

norepinephrine and angiotensin in a dose-dependent and competitive manner. Vasopressininduced constrictions were also inhibited in a dose-dependant mannor, but the antagonism
by glucagon was non-competitive. The conflicting results from the present investigation may
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reflect a species difference for the actions of glucagon since the inhibitions occruïed in the

dog and this investigation examined the cat. Technical differences, however, may also
partially account for the discrepancy in results. In the earlier investigations, norepinephrine
and glucagon injected into the HA vasculature may have gained access to the systemic
circulation, thereby possibly altering the responses in the HA due to the actions of the buffer
response (see previous discussion).

The blood glucagon concenEations used to inhibit the constrictions in our study and

the cited dog studies, represent levels well in excess of basal (0.025-0.300 ng/rnl) and
pathophysiological levels (0.400-1.500 ng/rnl)(Richardson and Withrington, 1981; Smitherman
et al., 1975). Enhancement of glucagon secretion in the dog, by rapid hemorrhage (Lindsey

et a1., 1975), arginine infusion (Blackard et a1., 1,974), and arginine and CCK-PZ infusions
(Rojdmark et 41., 1978), have been shown to raise the portal blood concentration of glucagon
5 to7 fold (0.516-1.063 nglml), which is still below the levels orhers and ourselves have used.

Potal blood glucagon concentrations in the dog studies were increased to the range of

3.2

to 59.5 ngrnl whereas in the curent investigation, portal blood glucagon concentations lvere

raised by an estimated 3.16

to

18.29 ng/rnl during the low and high dose infusions of

glucagon, all studies clearly reaching pharmacological levels. Thus, despite our observations

that glucagon was able to mildly potentiate the vasoconstrictions,

it is unlikely

that

physiological levels of this peptide would produce such effects.

The low dose infusion of glucagon was approximately double that of
pathophysiological concentrations of this peptide. This dose produced only very stght

dilations of the HA and had no significant effects on norepinephrine or nerve-induced
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responses. It has been hypothesized that glucagon may represent a physiological mechanism
to protect the hepatic arteriat vasculature from the effects of circulating constrictor substances

@ichardson and Withrington, L976a). Our data would suggest that such a protective
mechanism, in the hepatic vascular beds, is unlikely.

S{JMMA,R,Y
In summary, using methodologies developed specifically forpharmacological analysis

of vasoactive agents in the HA, the pharmacodynamic estimates of Rmax

and. EDro

for

glucagon in this vessel were calculated using nonlinear regression of the dose response data.

This is the fust time nonlinear regression analysis has been used to calculate the Rmax and
EDro

for glucagon in the HA. It was found that glucagon displays equal potency and efficacy

on HA conductance whether infused into the portal vein or directly into the

HA.

glucagon may diffuse freely between the portal venules and hepatic arterioles.

It should

stressed that the techniques used to study the effect of glucagon

confounding effect of the HA buffer response

Thus,
be

in the HA are such that the

will not interfere with the direct effect of

glucagon on this artery. Finally, in confrast to earlier reports in the dog, we found that

glucagon is not an inhibitory modulator

of the peak vasoconstrictor

stimulation or norepinephrine infusions into the HA of the cat.
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In the previous section, pharmacodynamic estimates of maximal dilation (Rmax) and
the EDro were calculated for glucagon in the hepatic artery

G{A). Glucagon did not have

inhibitory effects on peak vasoconstriction in the HA, induced by nerve stimulation of the
hepatic anterior nerve plexus or norepinephrine infusions into the
to previous reports that glucagon was capable of

HA.

This was in confrast

inhibiting constrictions of the HA in response

to nerye stimulation and norepinephrine, angiotensin and vasopressin

administration

(Richardson and Withrington, 1976b, 1977, 1973).
Inffavenous administration of glucagon causes a preferential dilation of the mesenteric

vasculafure Kock et al.,

1970b).

Furthermore,

like the previous studies on the HA,

investigators have also reported that glucagon can antagonize the responses induced by several

constrictor stimuli in the mesenteric vascular beds (Kock et al., 1971; Tibblin et al., 1970).
The object of this curent investigation was to conduct a comparative study in the superior
mesenteric artery (SMA) of the cat to determine

if glucagon had any modulatory

effect on

vasoconsffictor responses in this vessel. The hypothesis, based on the results obøined from
the FIA, was that glucagon would not effectively antagonize nerve- and norepinephrine-induced

vasoconstrictions of the superior mesenteric artery in the cat. The effect of glucagon on the
vascular escape phenomenon was also assessed and witl be detaited
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in section VII.4.

ME?'Ë{OÐS and &øATER.ï.AX,S
Cats of either sex were fasted overnight and anesthetized with pentobarbital-sodium

(32.5 mglkg) by innaperitoneal injection. Anesthesia was maintained throughout

the

experiment by supplemental doses (6.5 mg,/kg) of the anesthetic through a brachial vein

cannula. Body temperature was maintained at 37.5'C by means of a rectal probe and

a

thermal confrol unit which regulated heating rods in the surgical t¿ble.
Systemic arterial blood pressure was monitored from a catheter in the right femoral

artery. Central venous pressure was monitored from

a cannula inserted,

via the femoral vein,

into the inferior vena cava. A tacheal cannula was inserted to maintain a patent airway.
Abdominal sugery was initiaæd by midline incision from the xiphoid plexus to the umbilicus.

After the inferior mesenteric artery was ligated, a small branch of the superior
mesenteric artery (SMA), usually the first branch leading to the cecal region, was cannulated

toward the SMA to allow direct inta-arterial infusions of drugs into the mesenteric vascular

bed. A short length of the SMA, just proximal to the cecal artery cannulation, was exposed
and the SMA nerve plexus was gently separated from this vessel. The nerve bundle was

ligated, transected, and the peripheral end was placed

in a snug fiuing circular bipolar

stimulating electode. An elecffomagnetic flowprobe (EMPCO, Ca¡olina Medical Electronics,
size 8) was placed on the cleared segment of the SMA. A cannula was inserted in a small
cecal vein and advanced into the portat vein to measure portal venous pressure.

After sugery was completed the cat was atlowed at least 30 minutes

ûo

stabilize before

any procedures were carried out. At the end of each experiment the flowprobe was calibrated

in situ according to the procedure previously outlined in this thesis. The only difference in
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this calibration procedure is that only the SMA was calibrated since hepatic arterial flow was

not measured.
Glucagon (E.

Lilly & Co.) was dissolved in

the injecøble solvent contztning I.6Vo

glycerin and0.2Vo phenol which was then diluted in Ringer's solution(infusion volume range,
0.203 to 1.03 mVmin). Norepinephrine was prepared from a stock solution and diluæd with

Ringer's solution(infusion volume range, 0.0068 to 0.68 rnVmin). Infusions were carried
out using a Harvard Apparatus constånt infusion pump. All pressures were monitored using
Statham pressure transducers. Pressures and flows were recorded on a Beckman dynograph
recorder.

PR.OTOCOI,S

nntra-artertal Ðose-Response curves for Gnucagon and NorepinephnÍne
Intra-afterial dose-response curves for glucagon and norepinephrine were obtained in

the SMA. The purpose of determining these curves was to estimate the Rmax (maximal
response) and EDro (dose of drug required to produce 50Vo

of Rmax) for glucagon and

norepinephrine in the SMA. These estimates were calculated by nonlinear regression using
the GraphPAD INPLOT computer progr¿Lm (ISI Software). The dose-response curves were

also used to select a low and high dose of norepinephrine to be used as consffictor stimuli

and

to

select low, mid, and high doses

of

glucagon

to

antagonize the nerve and

norepinephrine-induced vasoconstrictions. Glucagon was administered as a const¿nt infusion

(range, 0.01-5.0 pg/kdmin) and increased to the next dose

in a stepwise manner.

The

norepinephrine dose-response curve was obtained using single dose infusions for a 3 minute
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duration. This method was used instead of a constant infusion to obviate the problem of
changing baselines during vascular escape which occurs during a maintained stimulus in the

SMA of the

cat.

Ðffect of Glucagon on ldenve- and fdorepinephrine-Induced Vasoconstríction of

Éhe

Supenior Mesenteric A.rtery
The low and high doses of norepinephrine selected from the dose-response curve were

infused directly into the SMA via a cannula in a small cecal artery. The superior mesenteric
plexus of the SMA was stimulated at a low (ZHz) and high (6lH;z) frequency (1 ms duration,
15

V

square

wave). The low frequency stimulation (ZHz) has been shown to estimate the

Hzro (frequency of nerve stimulation required to produce 50Vo of the maximal constriction

induced by direct nerve stimulation) for the SMA as determined by nonlinear regression of
frequency-rcsponse cruves (Lockhart et al., 1988). The 6 Hz frequency can be shown to be

a good estimate of the Hzrr, as determined by the nonlinear regression curve (Lockhart et
41., 1988) and

by using the mathematical equation for the culve (GraphPAD INPLOT).

Each constrictor stimulus was applied for 3 minutes. The nerye and norepinephrine
responses were tested in random order. The test procedure was identical to that for the hepatic

artedal study and consisted of obtaining control responses for atl four constrictor stimuli,
repetition of constrictor stimuli in the presence of glucagon and a second set of control
responses

for all constrictor stimuli. This procedure was continued until the constictor

responses had been repeated in the presence of all three glucagon d.oses with control responses

before and after each test response.
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Calc¡.¡trations

Vascular responses to glucagon and the constrictor stimuli were calculated in terms

of conductance (Lautt, 1989). SMA conductance = SMA blood flod(systemic

arterial

pressure - portal venous pressure). Approximation of SMA blood glucagon concentration

was calculated as

follows: dose of glucagon/SMA flow, and corrected for an estimated

hematocrit of 32vo (LauÚ, 1916).
Peak vasoconstriction was calculated as the percent change in SMA conductance

from

the pre-stimulation level to the initiat peak of vasoconstriction (within 1 minute). To
determine

if the degree of antagonism by glucagon was related to the stimulus intensity or

type, the responses were standatdtzed by calculating the percent inhibition of vasoconstriction:

(control response - test response during glucagon infusions)/conftol response, and expressed
as percent.

Mean and standard error of the mean are reported throughout. Control responses are
taken as tle mean of the responses measured before and after the test responses except when

otherwise stated. Comparisons are made by paired analysis and blocked ANOVA (repeated
measures analysis of variance)

with multiple comparisons by Duncan's test.

R.ES{JT,TS

The mean confol femoral arterial pressure was 141.8 + 8.4 mmHg; portal venous and

central venous pressures were 7.6 + 0.6 and 4.6 + 0.4 mmHg, respectively; SMA flow was
21'.0 + 3.5 mvmin/kg body weight and

sMA conducrance\ilas 0.154 + 0.02mVmrn/l<g/mmHg.
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Ðose-Respo¡"rse Cunves

The Rmax for glucagon, calculated from the curye in figure 19 (pooled daø) and based
on the percent change in SMA conductance was 162.8 + 737o. The

ED, for the pooled

data

was 0.98 + 0.23 Fg/kglmin (1 ¡rg glucagon4.292 nmole). The mean of the Rmax and EDro

for the individual glucagon curves from each experiment were 156.4 +

p/kdmin

34Vo and 0.86 + 0.04

and are in close agreement with the pooled data. The doses of glucagon selected

from the dose-response curves to antagonize the constrictor responses were: low glucagon,
0.114 + 0.024

p/kgmin; mid glucagon,0.30 + 0.06 p/kg/min; high glucagon 0.61 + 0.11

pg/kdmin.

The low dose of glucagon produced an estimated btood-glucagon level of 20.5

!5.7

nglrnl; the mid and high doses of glucagon produced estimated blood.-glucagon levels

of 52.9

t

14.4 nglrnl and 82.3

+

20.53 nglml, respectively.

All 3 doses were capable of

producing dose-dependent dilations of the SMA.
The Rmax and EDro for norepinephrine estimated from the dose-response curve for

the pooled data were -110.3 + 6Vo and 0.38 + 0.06

p/k/min (1 pg norepinephrine=S.9

nmole), indicating that norepinephrine was capable of producing an intense vasoconstriction

of the SMA (figure 20). The mean of the Rmax and EDro for ttre individual norepinephrine
curves from each experiment were -99.9 + 0.017o and 0.50 + 0.15

p/kgmin.

The mean

values of the low and high norepinephrine doses selected from the curves were 0.27 + 0.04
and 0.79 + 0.16

pyk/min.

These doses were chosen at the time of experimentation, before

estimates of the EDro were calculated. After nonlinear regression of the pooled dose-response

data for norepinephrine was completed,

it was determined that the low and high

doses of

norepinephrine were equal to the EDn, and ED* for this agent in the SMA. The low and
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Figure 19: Intra-arteriai dose-response curve for pooled glucagon responses in the superior
mesenteric aÍery

in

(SMAC). Responses

terms of percent change in superior mesenteric a¡terial conductance
are reported as the mean + SEM

(n=5). The absolute basal conductance

before glucagon infusion was 0.160 + O.Iî/2mvminlkdmmHg. Glucagon was administered.
as a constant infusion and increased to the next dose

in a stepwise manner. The Rmax and

EDro for glucagon, estimated by nonlinearregression from the pooled data, were 162.8

+ I3Vo

and 0.98 + 0.22 ¡rg/kg/min, respectively. The Rmax and EDro estimated from the individual
dose-response curves from each experiment were 156.4 + 34Vo and 0.86 + 0.04

and are in close agreement with the values from the pooled data.
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Figure 20: Inna-arterial dose-response cuwe for pooled norepinephrine (NE) responses in
the superior mesenteric artery in terms of percent decrease in superior mesenteric a¡terial
conductance (SMAC). Dau points represent the mean + SEM (n=7). The absolute basal
conduct¿nce before NE infusion was 0.230 + 0.039 mymin/kg/mmHg. NE was administered
as a constånt infusion of a single dose for a 3 minute period (range 0.025-2.5

p/k/min)

rather than increasing to the next dose in a step\¡/ise manner. The Rmax and EDro for NE,
estimated by nonlinear regression from the pooled data, were -1 10.3 + 6Vo and 0.38 + 0.06Vo

p/k/min

respectively and were in close agreement with the estimates from the individual

dose-response curves from each experiment.
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high frequency nerve stimulations used were 2 Hz and 6 Hz.

Efïecú of Glucagon on Featr< Vasoconstnicûion
Figures

2l and22 depict the conffol and test responses in the SMA during

glucagon

infusions for the norepinephrine- and nerve-induced peak vasoconstrictions. Paired analysis

of the control peak constrictor rosponses indicated that the high constrictor stimuli produced
significantly larger constrictions compared to the low stimuli. Blocked ANOVA of the test
responses showed that

for the low norepinephrine consffictions (figure 2I), the high dose of

glucagon was able to significantly inhibit the peak constriction by 39.8

The low and mid doses of glucagon produced only

a

10.9

+

7L.8Vo (P<0.01).

+ 5.9Vo æd 2.7 +

l2.6Vo

insignificant inhibition of the peak responses, respectively. Glucagon had no statistically
significant effect on the peak constriction produced by high norepinephrine; the high dose
of glucagon produced only a 15.8 + 5.67o inhîbition of the high norepinephrine peak response.
Glucagon had similarly weak effects on the nerve-induced peak responses

(Figxe2}).

The low nerve peak constrictor responses were significantly inhibited by the mid and high
doses of glucagon; the mid dose of glucagon produced an 18.6 + 8.8Vo inhibition (P<0.05)

and the high dose produced a 34.4 + 8.57o inhibition (P<0.01) of the peak response. The
high nerve peak constrictor responses were not affected to any signifîcant extent by any dose

of glucagon

as indicated by blocked

ANOVA of the percent change in SMA
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Figure 21: Effects of low (0.114 + 0.024

NE

p/k/min),

mid (0.30 + 0.06 p/ky'min), and high

(0.61 + 0.1 1 pg/kg/min) doses of inta-arterial glucagon on the peak constricrions of the SMA

induced by low (0.27

+ 0.0a ¡rg,/kg/min)

and high (0.79

+

0.16

p/kdmin)

doses of

norepinephrine (ltIE). Responses are reporæd as the mean + SEM (n=7) of the percent change

in

superior mesenteric arterial conductance (SMAC) from the pre-stimulation baseline.

Responses are negative values indicating a decrease

in conductance. Control bars represent

the mean of the control responses before and after each test rcsponse. Blocked ANOVA of

the control and test responses showed that only the high dose of glucagon significantly
inhibited the vasoconstriction (39.8 + lI.8Vo). Glucagon had no significant inhibitory effecr
on peak constictions induced by high NE infusion.
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Figure 22: Effect of low (0.114 + 0.024 ¡rykdmin), mid (0.30 + 0.06

p/kdmin), and high

(0.61 + 0.1 1 pg/kg,/min) doses of inn'a-arterial giucagon on the peak consrriction of the SMA
induced. by direct nerve stimulation at low

(2 Hz) and high (6 Hz) frequencies.

Responses

are reported as the mean + SEM (n=7) of the percent changes in superior mesenteric arterial

conduct¿¡ce (SMAC) from the pre-stimulation baselines. Responses are negative values
indicating a dec¡ease in conductance. Control ba¡s a¡e the mean of the control constrictions
before and after the test responses. Blocked ANOVA of the control and. test responses showed
that the mid and high doses of glucagon signihcantly inhibited the peak constricror responses

to low nerve stimulation (18.6 + 8.7Vo and34.4

+ 8.57o inhibidon,

respectively). Glucagon

was unable to significantly inhibit the peak constrictor responses induced by the high nerve

stimulation.
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ÐTSC{JSSITN
In investigations andreviews of thepharmacological actions of endogenous vasoactive
agents in the splanchnic vascular bed,

it is still widely cited that glucagon has a significant

inhibitory effect on sympathetic-induced constictions in the hepatic artery GA) and superior
mesenteric artery (SMA). These findings, however, have not been reproduced in the HA of

the cat, as reported
comparative study

in section Vtr.l. of this thesis. The present

investigation was

a

in the mesenteric vascular bed to assess the status of glucagon as an

inhibitory modulator of nerve- and norepinephrine-induced vasoconstrictions of the SMA in
the cat. Pharmacodynamic estimates of the Rmax and EDro for glucagon and. norepinephrine

in the SMA were also calculated, based on analysis of dose-response curves for these agents
conducted during each experiment.

Ðose-R.esponse Curves

As expected, glucagon, infused directly into the SMA, produced a dilation of this

vessel. Shoemaker et al. (1959) were the first to report the effects of glucagon on the
splanchnic and hepatic vasculature, although only an increase

in total hepatic flow

was

reported. Since then, many investigators have det¿iled this same observation (Kock et al.,
7970a,1970b: Tibblin etal,1970). Glucagon has also been shown to dilate the hepatic artery

in

a dose-dependent manner upon intravenous, intra-a-rterial, and

intraportal venous infusions

(Richardson and Withrington, 1976b; Bashour et al., 1973 and, sections

W and Vtr of this

thesis).

SMA conductance, rather than the more commonly used resistance, was calculated
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to express the vascular responses. Thus, an increase in conductance would imply that the
vessel had dilated and a decrease in conductance indicates that a consfiction occurred. As
discussed earlier, by using conductance, classical pharmacodynamic analysis

of the dose-

response data could be carried out by nonlinear regression to estimate the Rmax and

ED,

(Lautt, 1989). The present paper represents the first time pharmacodynamic estimates derived

by nonlinear regression have been reported for glucagon and norepinephrine in the SMA in

vivo. The Rmax (162Vo) and EDro (0.98 p/kg/min) estimated from

the pooled glucagon data

(Figure 18) were in close agreement with the mean of the estimates calculated from the
individual experiments @max, 1587o;

ED50, 0.86

pg/kdmin). Tibblin et a1., (I97I) reporred

decreases in resistance of approximately 637o whichwhen recalculated in terms of conductance

from their available daø (I7L7o) was very simila.r to our estimate of Rmax.

These

investigators, however, administered bolus inúavenous injections of glucagon (10 pdkg)
whereas our doses weÍe constantly infused into the artery.

In the study reported in section VII, the HA had an Rmax of

91.Vo

and an

ED, of

0.113 pg/kglmin for glucagon. The pharmacodynamic data thus indicates that the HA is more
sensitive to glucagon than the SMA, while glucagon is capable of producing greater dilations

in the SMA. It has been observed previously that intravenously infused glucagon d.ilated the
hepatic artery earlier and more rapidly than the SMA (see figure 14, section VI).

Effect of Gtrucagoxl on Vasoconsûrictior¡
Glucagon has been reported

to inhibit or

reduce norepinephrine, epinephrine,

phenylephrine, direct nerve stimulation, and hemorrhage-induced vasoconstrictor responses
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in the SMA of the dog (Kock et al., 1971; Tibblin et

a1.,

1977). Inspection of the nerve

stimulation data (I{ock etaL.,1971) indicates that glucagon administration (10 pglkg) produced
an upward shift in the blood flow baseline. However, the nerve-induced peak constrictor
response for

flow and blood pressure appear to be intact and of comparable size to the control

response. The norepinephrine, epinephrine, phenylephrine and hemorrhage responses do
appear to be inhibited, however exffemely large doses of glucagon were used to produce these

effects.

In the current study, it was found that only the mid and high doses of glucagon were
able to antagonize the low frequency nerye stimulation and low dose norepinephrine-induced
peak constrictor responses. This would suggest that glucagon is acting at a post-synaptic site.

Figures

2I

and 22 illusÍ:ate that the high dose

of glucagon can only inhibit the low

norepinephrine peak constrictor response by 397o and the mid and high dose could only inhibit
the 2Hz nerye responses by 18Vo and35Vo. Peak consrictor responses induced by the high
norepinephrine and high nerve frequency stimuli were not significantly affected by glucagon

at any dose. The blood glucagon concentations used to inhibit the constrictions in our
investigation and the cited dog studies were well over basal (0.025-0.300 nglrnl) and
pathophysiological levels (0.400-1.500 nglrnl) @ichardson and Withringron, 1981; Smithern¿ul

et aI., 1978). Estimates of glucagon levels in the dog stud.ies using their standard d.ose of
10 pg/kg were approximately 270 ng/rrú. We increased the glucagon level by an estimated

20.5 and 82.3 nglnl for the low and high doses of glucagon.
Recently, in the cat, hepatic arterial or intraportal infusions of glucagon were shown
to mildly (but not significantly) reduce the maximal response (Rmax) of the liver capacitance
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vessels (blood volume expulsion) to hepatic nerve stimulation (Laút et al., 1991). The ED*

for the nerve-induced capacitance response was significantly increased from 3.5 Hz to

Hz. The weak suppression of the capacitance response was only accomplished

5.6

using very

large doses of glucagon which is consistent with the very large doses that were required to

mildly inhibit the constrictor

responses

in this study.

Portal hypertension and cirhosis, are known to be associated with elevated levels of

glucagon. It has also been suggested that glucagon may play a major role in the intestinal
hyperemia in these states @enoit et al., 1986). Other investigators (Cerini et al., 1989),
however, concluded that glucagon plays only a minor role in the hyperdynamic splanchnic

circulation in rats with biliary cfurhosis. In our present study the lowest dose of glucagon
produced an average dilation of only 347o, andhad no effect on any aspect of the constrictor
responses, despite producing very high levels of this peptide. Our results would suggest that

glucagon is unlikely to have major vascular effects in the mesenteric vascular bed even in
concentrations seen in pathological states.

S{JMMAR.V
In summary, this is the flustreport of the use of nonlinearregression to obtain estimates

of the Rmax and EDro for glucagon and norepinephrine in the SMA in vivo. Glucagon was
capable of dilating the mesenteric vascular bed of the cat but only at non-physiological doses

of the peptide. Calculation of the Rmax and EDro for glucagon in the SMA suggests that
this peptide is capable of dilating the SMA to a greater extent tha¡ the hepatic artery, whereas
the hepatic artery is more sensitive to glucagon. At high doses, glucagon was able to partially
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inhibit the peak constrictor responses to low consffictor stimuli. It must be stessed, howevero
that the inhibitions of the constrictor responses were very mild and supraphysiotogical doses

of glucagon were required to obtain such effects. These results are essentially in accord with
the study in the HA (section VII.A.) and support the hypothesis that even at physiotogical
or pathophysiological doses, glucagon is not an effective inhibitory modulator of constrictor
responses to nerve stimulation or norepinephrine infusion

in the mesenteric vascular bed of

the cat. Although the results from this thesis and those from the earlier dog studies may
represent species-specific differences, hopefully it

will bring to light that a foregone conclusion

may, in some cases, merely represent our ignorance.
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SecúÍon

Vff3.

T'lee trhenornenon

of'Vascular Escape: Quanúif"lcaúior¡ and Expnession

of Resulfs

INTRODUCTION

In the hepatic and

mesenteric vascular beds

of the cat, maintained sympathetic

stimulation (norepinephrine infusion or direct stimulation of vascular nerves) results in an
initial peak vasoconstriction of the hepatic artery (HA) and superior mesenteric artery (SMA)

which occurs within 1-1.5 minutes after coÍlmencement of stimulation. With continued
stimulation, the blood flow response of these vessels (in an intact preparation) returns toward

the baseline despite the maintained stimulus. This response eventually plateaus after
approximately 3 minutes of stimulation and is known as vascular escape. Vascular escape,
therefore, is that phenomenon whereby a tachyphylaxis occurs in the vasoconsffiction of an

arteriole to a constant sympathetic stimulation (Greenway, I984a) and has been discussed

in the general introduction of this thesis.
Traditionally, vascular tone and vascular responses have been expressed
and percentage change

as resistance

in resistance. As noted in section VI of this thesis, conductance,

which is the inverse of resistance, is a more appropriate means of expressing arterial vascular

tone, and, in this laboratory, has become the index of choice for reporting the results of
hemodynamic studies conducted
conductance

in arterial vascular beds. The

will be briefly reviewed. Resistance is calculated

flow and is nonlinearly related to blood flow.

arguments

for the use of

as perfusion pressure/blood

Conductance,

is

calculated. as blood

flow/perfusion pressure. Conductance, therefore, is directly and linearly related to blood
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flow. In recent years, it

has been suggested that vascular tone, calculated as resistance, can

often distort the results of vascular and hemodynamic studies (Lautt, 1989). This has been
ascribed to the nonlinear relationship between resistance and blood flow

in which

even

simple mathematical manipulation of the data (such as calculation of arithmetic means) can
be rendered inaccurate. Because of the linear relationship befween conductance and blood

flow, such artifacts do not occur, thereby allowing mathematical manipulation of the data
without incurring gross distortion of the data (Lautt, 1989). O'Leary (1991) has also
reported that the use of conductance, not resistance, is a better index to determine the
relative importance of responses in blood pressure regulation.
Vascular escape is calculated as an "escape index", which in turn has been calculated

using an index of vascular tone, faditionally resistance. In light of the previous discussion,

it is possible that the use of resistance may be introducing mathematical

artifacts into the

escape index calculation. Thus, the question arises as to what is the best index

with which

to calculate vascular escape. In an intact preparation, after reaching its lowest level at the
peak constriction, blood flow rapidly returns toward the pre-stimulation levels. Blood
pressure may also rise as the response progresses from peak constriction to the escape phase.

Thus, while vascular escape is primarily a blood flow event

in the intact preparation,

expressing escape in terms of blood flow, without consideration of the changes in blood
pressure, however, would not accurately represent the changes in vascular tone (determined

by the moment to moment state of blood flow and blood pressure in the vessel) which
ultimately describes the responses of the arterioles undergoing vascular escape.

In this

investigation, the issue

of which index of
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vascular tone, resistance or

conductance, is the most appropriate to calculate vascular escape is addressed. Based on the

linear relationship between blood flow and conductance and the fact that
preparation vascular escape
investigation

is primarily a blood flow event, the

is that conductance, rather than resistance, will be a

in an intact

hypothesis

of

this

superior means of

expressing vascular escape. To this end, hypothetical (ideal) data were used to predict which

index of vascular tone would be most appropriate to describe vascular escape. These data
were then compared to actual experimental escape responses obtained in the mesenteric
vascular bed of the cat to determine
and blood

if

the hypothetical relationships between blood pressure

flow are consistent with the biological relationships. This investigation will prove

that conductance is indeed the most appropriate index of vascular tone with which to report

vascular escape. In doing so, the results from this study also validaæ the methods which

will be used to assess the effect of glucagon on vascular

escape

in the forthcoming sections.

MATER,TALS,ANÐ METHODS
Cats of either sex (n=7) were fasted overnight and anesthe¡zed, with pentobarbiøl-

sodium (32.5 mgkg) by innaperitoneal injection. Anesthesia was maintained throughout the
experiment by supplemental doses (6.5 mg/kg) of the anesthetic through a brachial vein

cannula. Body temperature was maintained at37.5"Cby means of a rectal probe and

a

thermal confrol unit which regulated heating rods in the surgical table.

Arterial blood pressure was monitored from a catheter in the right femoral artery.
CenÍal venous pressure was monitored from a cannula inserted, via the femoral vein, into
the inferior vena cava.

A nacheal cannula was inserted to maintain
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a patent

airway. After

an abdominal incision from the xiphoid process to the umbilicus was made, the inferior
mesenteric artery was ligated.

A

smatl branch of the superior mesenteric artery (SMA),

usually the flust branch leading to the cecal region, was cannulated. toward the SMA to allow

direct intra-arterial infusions of drugs into the mesenteric vascular bed. A short length of
the SMA, just proximal to the cecal artery cannulation, was exposed and the SMA nerve
plexus was gently separated from this vessel. The nerve bundle was ligated, ffansected, and
the peripheral end was placed in a snug fitting circular bipolar stimulating elecúode. An
electromagnetic flowprobe @MPCO, Carolina Medical Electronics, size 8) was placed on
the cleared segment of the SMA. A cannula was inserted in a small cecal vein and advanced

into the portal vein to measure venous pressure.

After surgery was completed the cat was allowed at least 30 minutes to stabilize
before any procedures were carried out. At the end of each experiment the flowprobe was
calibrated in situ accolding to the procedure outlined

in section VI. Norepinephrine

was

prepared from a stock solution and diluted with Ringer's solution (infusion volume range,

0.0068 to 0.68 rnVmin). Infusions were carried out using a Harvard. Apparatus constant
infusion pump. All pressures were monitored using Statham pressure transducers. pressures
and flows were recorded on a Beckman dynograph recorder.

PT{.OTOCOLS

A low and high dose of

norepinephrine was selected from an intra-arterial

norepinephrine dose-response curve obtained at the beginning

of

each experiment. In

keeping with the other investigations reported in this thesis, the Hzro (2Ezfrequency, 1 ms
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duration, 15 V square wave) and the IJrr, (6 Hz frequency) nerve frequencies were used to
stimulate the SMA nerve plexus. Each constrictor stimulus was repeated 4 times per cat (28
responses

in total per stimulus group) and was applied for 3 minutes. The nerve and

norepinephrine responses were tested in random order.

Calculations
Vascular responses to the constrictor stimuli were calculated in terrns of conductance
and resistance. SMA conductance

= SMA blood floØ(systemic arterial pressure - portal

venous pressure), SMA resistance = (systemic arterial pressure-portal venous pressure)/SMA

blood

flow.

Peak vasoconsffiction was calculated as the percentage change

in

SMA

conductance, resistance and blood flow from the pre-stimulation level to the initial peak of

vasoconstriction (within 1 minute). Vasoconstriction reaches a peak approximately I minute
after the stimulus is applied. After this time the phenomenon of vascular escape occurs in

which the blood flow returns toward the baseline and reaches a plateau level by about

3

minutes. The escape index is calculated as: þlateau escape conductance - peak response
conductance)/(contol conductance

-

peak response conductance)

calculated in resistance as: (peak response resistance
response resistance

measured after

x

L00Vo. Escape was

- plateau ïesponse

resistance)/(peak

- control response resistance) x l00Vo. Plateau escape conductance \ilas

3 minutes of stimulation. Weak consffictor

accurate measurements of vascular escape very

responses tended

to

make

difficult. Thus, to avoid the enormous errors

that may have been incorporated into our calculations, we established an inclusion criterion
that escapes would be quantitated only

if

the original vasoconstriction was greater than I5Vo.
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Experimental and hypothetical data were analyzed by linear and nonlinear regression
analysis (GraphPAD INPLOT compurer program, ISI Software).
Mean and st¿ndard error of the mean are reported throughout. Comparisons are made

by paired analysis and blocked ANOVA with multiple comparisons by Duncan's test.

R,ES[JX,T'S

The mean control femoral arterial blood pressure was 141.8 + 8.4 mmHg; portal
venous and central venous pressures were7.6 + 0.6 æd 4.6 + 0.4 mmHg, respectively; SMA

flow was 27.0 + 3.5 mVmin/kg body weight and SMA conductance

\)ras 0.15

+

0.02

rnVminlkg/mmHg. The mean values for the low and high norepinephrine doses selected
from the dose-response curves were 0.27 + 0.04 and 0.79 + 0.16 ¡¡g/kdmin. Sample size
for the nerve stimulations was the full compliment of 28 responses for each stimulus. Some
of the norepinephrine responses were unusable due to technical problems with the response.
These problems were unstable or highty fluctuating flow responses during the norepinephrine

infusion, and peak consffictions of less than l57o change in vascular tone. The sample size

for thc low and high norepinephrine infusion gïoups was reduced to 19 responses.

Fea[< Vasoconstrictions

Peak vasoconstriction was calculated in terms of flow, conductance, and. resistance
(tab1e

3).

Paired analysis of the percentage change during the peak constricror responses

indicated that, for all three methods of describing vasoconstriction, the high constrictor
stimuli produced significantly larger constrictions compared to the low stimuli for both the

r57

T'AtsT,E 3
Percent change in flow, conductance, and resist¿nce at peak
vasoconsricdon in the superior mesenteric aftery

7o Chmge at peak vasoconstriction

Stimulus

Low NE
x 0.04)

t9

-44.712.2

-48.1t2.2

100f 10

High NE

19

-63.9t3.5.

-68.4+3.9"

360t77"

Low Nerve Stim
(2 Hz)

28

-39.9t2.6

-42.9t2.6

85.918.8

High Nerve Stim
(6 Hz)

28

-64.5*'3.3-

-67.9+3.7"

302*.38.

(0.27
(0.79

r

0.16)

Abbreviations: Conduct, conductance (mfminlkg/min); Resist, resistance (mmHg/mvmin/kg);
NE, norepinephrine (NE). Va]ues are the mean + SEM; n=number of reqponses from 7 cais.
Units of flow,
Norepinephrine was infused directly into the superior mesenteric
"ù¡minlkg.
artery. Statistics between the high and low constrictor stimuli t"rponsei were by paired
.P<0.05.
comparisons,
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nerves and norepinephrine. In addition, table 3 iilustrates that the changes in blood flow at

peak constriction were paralleled by the changes in conductance whereas the changes in
resistance were greater than the changes in flow.

Regression analysis of vascular escape data

a) F{ypotheúican data

In this fln'st step of analysis, SMA flow-escape responses were plotted against the
escape responses from the norepinephrine and nerve stimulations calculated as conductance
and resistance.

It follows that the index which accurately ïepresents SMA blood flow-escape

should: a) be linearly related to the flow-escape responses, b) have a regression line with
a slope approaching 1.0 and c) this line should pass through the origin of the graph without

being forced.
These criteria were tested using hypothetical (ideat) data (table 4, figure 23) where

blood flow decreased to the same lever at the peak constriction (5 mVmin) but rose to
different levels during the escape phase thereby producing different degrees of escape. To
properly reproduce the hemodynamic responses occurring during sympathetic stimulation,
arterial pressure was raised to a similar extent as to that occurring under experimental
conditions Q}Vo). According to these data, the conductance-flow escape relationship is
linear, has a slope of 0.8 (as deterrnined by linear regression) and passes through the origin.
The slope of 0.8, as opposed to 1.0 (a perfect correlation), can be accounted for by the ZyVo
increase

in arterial pressure

(table

4). As a result, conductance (calculated

as blood

flow/perfusion pressure) will be affected. by the simultaneous changes in flow and pressure

r59

TABLE 4
Hypothetical data predicting resistance-flow escape
and conductance-flow escape relationships

Basal Parameters

SAP
(mmHg)

PVP
(mmHg)

Flow
(mVminlke)

100

5

30

Parameters During Sympathetic Stimulation

Blood Pressure
(mmHg)

Blood Flow
(rnVminlkg)

7o Escape

SAP

PVP

Peak

Escape

Flow

Conduct

Resist

120

5

5

5

0

0

0

t20

5

5

1T.25

25

20

64

120

5

5

17.5

50

40

85

r20

5

5

30

100

80

96

Abbreviations: SAP, superior mesenteric arterial pressure; PVP, portal venous pressue;
Conduct, conductance; Resist, resistance; Peak, blood flow at peak õonstriction; Vi Escape,
escape indexes calculated for flow, conduct¿nce and resistance.
Calculations: Conductance = Blood F1od(SAP-PVP), Resistance = (SAp-pvp)Ælood Flow,
vo Escape: voFrow Escape : (escape flow - peak flow)/(control flow - peak flow) x 100,
VoCond Escape = (escape cond - peak cond)/(contol cond - peak cond) x 100, ZoResist
Escape = þeak resist - escape resist)/(peak resist - control resist) x 100
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Figure 23: Graphic representation of the hypothetical (ideal) data from table 4. The ord.inare
represents the percent escape calculated

in conductance and resistance (see methods for

equations), and the abscissa represents the percent flow-escape. These results clearly

illustrate that the conductance-flow escape relationship is linear
resistance-flow escape relationship is nonlinear (@ closed circles).
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(o

open circles) and the

and slightly underestimate, but consistently represent the flow-escapes when arterial pressrue
rises.

The hypothetical data predicted that the resist¿nce-flow escape relationship would be

nonlinear (figure

23).

Whereas conductance consistently estimates the flow-escape,

resistance inconsistently estimates flow-escape as well as grossly overestimates these escapes

over the majority of the curve (table

4).

The hypothetical data therefore suggest that

conductance would be a better index of escape than resistance.

b) Experimental data
Escape responses from the norepinephrine and nerye constrictions were not

significantly different (btocked ANOVA). Therefore, these responses were pooled. and the
experimental conductance-flow escape and resistance-flow escape data were submitted to

linear regression (figrtre 24). The conductance-flow data, as pred.icted, produced a linear
relationship (figwe24a). This regression line had a slope of 0.75 + 0.04 (f=0.84) and x-

and y-intercepts

of

-4.7Vo

(x when y=0) and 3.5 + 2.IVo (y when x=0)

respectively.

Although these intercepts are significantly d.ifferent from the origin, the regression line
passes extremely close to this

point. 'When linear regression is conducted on the same

data

but forcing the regression line through the origin, the slope of the line becomes 0.81 + 0.04
and is almost indistinguishable from the unforced regression line.

The linear regression line for the resistance-flow escape data had a slope of 0.69 +

0'05 (figure 24b). Although the slope of the regression line is not greatly d,ifferent from the
conductance-flow line, the

fit of the curve to the data (f=0.65) is poorer
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than the
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Figure 24: Comparison of linear regressions between superior mesenteric arterial blood. flow

(SMAÐ vasculil escape and escape
resistance (figure

248).

responses calculated. using conductance

(figure 24,\) or

Escape responses for the norepinephrine and nerve stimuli were not

significantly different, therefore the results were pooled (n=95). According to this anaJysis,
that index which best expresses vascular escape should be linear with flow-escapes, have a
slope approaching 1.0 and pass th-rough the origin without being forced. The conductance-

flow

escape data (figu¡e

4.7Vo (when

2A) has a slope of 0.75 + 0.04

(l=

0.84) and. x a¡rd y inrerceprs of -

y=0) and 3.5 + 2.LVo (when x={). The resista¡ce-flow data (figure 248)

a slope of 0.69 + 0.05 (f=0.65) and. x and y inrerceps
2.9Vo (when x=0).
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has

of -36.9vo (when y=0) and 25.5 +

conductance-flow data and the intercepts (x=-36.97o when y=0: y=25.5 + Z.9Vo when x=0)
are a considerable distance from the origin (figure 24b). This was not unexpected since the

hypothetical data suggested that this relationship would be curvi-linear. Thus, we reanalyzed the same resistance-flow escape data using nonlinear regression (fTgure

25). This

curve describes the data more appropriately than the linear regression analysis; when flowescape is zero, resistance-escape is also zero rather than25.5Vo

the

f

(y-intercept). Additionaliy,

value increased to 0.73. Figure 25 also illusfates that the experiment¿l resistance-

escapes overestimate flow-escapes as predicted from the hypothetical
see

if

data. Accordingly, to

resistance introduced any significant effor into our results, vascular escape in terms

of blood flow was compared to escapes calculated using conductance and resistance. The
mean values for the percentage escape

in SMA btood flow, conductance and resistance from

low and high norepinephrine and nerve stimulations are detailed in table
conductance-escapes slightty underestimated flow-escapes and,

5.

As predicted,

like the flow

responses,

conductance escapes were not dose- or frequency-dependent. Conversely, resistance-escapes

(in most cases) overestimated the degree of flow-escape. More importantly, however,
resistance-escapes for the high frequency nerve stimuiations (65.1 + 3.07o) were significantly

larger than the escape responses from the low frequency stimulations (56.0 + 3.7Vo, paired
analysis, p<0.0 1), suggesting frequency-dependent escape responses.

Changes !n Ferfusion Fressure
The effects of sympathetic nerve stimulation and norepinepluine infusions on arterial
pressure, portal venous pressure and per{usion pressure in the mesenteric arterial bed ale
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Figure 25: Nonlinear regression of pooled SMA flow-escape and resistance-escape responses

from norepinephrine and nerve stimulation. As indicated by the pred.icted data (table 3 and

figure 23), the resistance-flow escape data were best described as being nonlinear. These
data were, therefore, submined to nonlinea¡ regression. This cuwe fits the data with an É

of 0.73 compared to 0.65 when analyzed with linear regression. Despite the better fit, this
curve is not iinea¡ and

will not consistently reflect the escape in blood flow and the¡efore

would not be an appropriate index of vascula¡ escape.
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TAtsT,E 5
Vascular escape calculated in terms of flow,
conductance and resistance

Vo

Yascular escape

Stimulus

High NE
(0.79 r 0.16)

39.7X3.7

42.9t4.3

65.114.8

65.1+3.0.

Abbreviations: Conduct, conductance (ml/mffidmin); Resist, resistance (mmHg/rrìf/min&g);
NE, norepinephrine. Values are the mean + SEM; n=number of responses from 7 cats.
Norepinephrine was infused directly into the superior mesenteric artery. Statistics between
low and high constrictor stimuli responses was by paired comparisons, .p<0.05.

766

T'AtsT,E 6

Average arterial, portal venous, and perfusion
pressure in the superior mesenteric artery before and during the escape phase from
constrictor responses induced by norepinephrine and nerve stimulation

Stimulus

Response

FAP

PVP

PP

Low NE
(0.27r0.04)

Conrol

r12.6t3.7

9.0r0.3

103.613.5

Escape

1.26.4t4.9.

10.6+0.4.

115.9x4.7.

ConnoI

114.4t3.4

9.2x0.2

105.2t3.3

Escape

14L.7t5.6.

11.9+0.6-

129.8x5.2"

Conn'ol

113.0t2.9

9.2x0.2

103.812.8

Escape

118.5+3.0.

9.2j:0.2

109.3+3.0.

Control

t10.9t2.3

8.9r0.1

r01.9t2.2

Escape

r22.1+2.9.

9.0!0.2

113.112.9-

High NE
(0.7erO.16)

Low Nerve
(2 Hz)

High Nerve
(6 Hz)

Abbreviations: FAP, femoral arterial blood pïessure; PVP, portal venous blood pressure; pp,
perfusion pressrue (FAP-PVP); NE, norepinephrine (¡rg/kg,/min), infused into the superior
mesenteric attety. Values represent the mean SEM from 7 cats. Statistics between the
control and escape responses for each stimuius were by paired comparisons, op< 0.001.

t
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noted in table

6.

Arterial pressure and perfusion pressures (FAP-PVP) during the

escape

phase of the constrictor responses were significantly elevated from the pre-stimulation
pressures

for all stimulation goups. Portal venous blood

pressures were slightly, but

significantly elevated during the escape phase of the norepinephrine infusion d.ata. portal
pressures were not significantly affected by nerve stimulation. The nerve and norepinephrine

stimulations produced significant dose- and frequency-dependent increases

in

perfusion

pressure. Norepinephrine rcsponses tended to produce larger increases in perfusion pressure
compared to the nerve responses, however only the high norepinephrine perfusion pressure

(129.8 + 5.2) was significantly larger than that during the low and high nerve stimulations.
Perfusion pressules produced by norepinephrine were also more variable (range, -1.15 to
55.07o increase in perfusion pressure) than the nerve responses. The mean

of the percentage

change in perfusion pressure for the pooled nerve and norepinephrine responses was 12.1 +
1.3 7o (n=94).

Ðrsc[JssxoN
Vascular escape has been an enigmatic phenomenon. The mechanisms
response are yet

of

this

to be clarified despite some nerv and interesting hypotheses recently

presented. The object of this aspect of the investigation into vascular escape was not related

to the mechanism, but rather the quantification and validation of the techniques required to
study the response. A fuil discussion of vascular escape will follow in section VII.D., when
the effect of glucagon on this phenomenon is reported.
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Conductance vs. R.esistance f'or Calc¡¡laúing Escape Responses

It should be noted that although conductance-

and resistance-escapes were compared

to flow-escapes, flow-escapes, per se, are not an accurate index by which to

describe

vascular escape due to changes occurring in blood pressure. Expressing escape in terms of

blood flow does not indicate the changes occurring in vascular tone, which is the index in
which'vve are interested. However, because blood flow (not blood pressure) is the parameter

which undergoes the largest changes during escape in the intact prepamtion, vascular tone
should represent these changes in blood

flow.

Flow-escapes are merely an ind.ication of the

vascular response which is best described by an index of vascular tone. The aim of this
analysis was, therefors, to determine which index, resistance or conductance, is the most
appropriate to use when assessing changes in vascular tone during escape responses.

Using theoretical examples, Lautt (1989) recently argued that conductance, rather than
lesistance is a more appropriate calculation to use to express vascular tone when the prtmary
changing factor is blood flow, as in vascular escape. This is because conductance is linearly

related to blood flow, the variable parameter in the flow-pressure relationship. Resistance

is nonlinearly related to flow, but is linearly related to pressu.re, the relative invariant in the
flow-pressure relationship. It should follow that the index of vascular tone used to describe
vascular escape should be dilectly and linearly related to that factor undergoing the greatest

changes. The implication of this is that using conductance to calculate vascular

escape

should consistently represent the degree to which blood flow-escapes and vascular tone
changes, regardless

of the absolute changes in flow occuring at the initial constriction

and.

during escape. When using resistance, however, vascular escape can be seriously

169

misrepresented depending on the changes in flow at peak constriction and during the escape

phase. The most obvious demonstration of this distortion is seen

if

the initial constriction

flow to approach zero. In this case, resistance, will approach infînity. As a result,

causes

any calculation incorporating this resistance value, such as vascular escape,

will

become

unrealistic and skew the calculated escape value.

Using a similar theoretical argumenq O'Leary (1991) modeled how a change in
regional vascular resistance or conductance affected mean arterial pressure when a vascular
bed receives a varying percentage of cardiac
change

in

resistance on blood pressure

whereas the effect

of a change in

ouþut. O'Leary found that the effect of

is highly dependent on the baseline

conductance on blood pressure

baseline conductance. Consequently,

if

resistance on blood pressure, the results

one reports the effects

a

resistance,

is independent of the

of a given

change in

will be as variable as the baseline blood flow

(cardiac output) and calculated resistance.

If

one uses conductance, the variability in the

results due to differences in baseline blood flow and vascular tone is avoided.

In the present investigation it was tested to

see

if

the theoretical alguments could be

verified using hypothetical and experimental data. In short, the experimental results fully
supported the theoretical predictions. The hypothetical data demonstated that cond.uctanceand flow-escapes were lineady related, resistance- and flow-escapes were non-linearly related

(figure 23, table 4) and that conductance appeared to be a better index to describe vascular
escape. In respect to the three criteria necessary to be a good index ofescape, conductanceescapes

from the experimental data were linearly related to flow-escapes; this relationship

had a slope approaching 1.0 (0.75) and the regression line passed very close to the origin of

170

the graph. This last criteria is necessary since at zero flow-escape, there cannot be any
vascular escape whether calculated in conductance or resistance. The linear regression line

of the resistance-flow escape dat¿ had x and y intercepts which were quite d.ist¿nt from the

origin (x=-36.9Vo when y=0; y=25.5fto when x=0) and therefore did not meet the final

criteria. Nonlinear regression of the resistance-flow
through the origin and provided a better

escape responses forced the curve

fit to the data.

Conductance-escapes indexes were consistently less than flow-escapes indexes

whether using the hypothetical data or the experimental data. This can be attributed to the
fact that perfusion presstu'e increases during sympathetic stimulation. Because conductance

is calculated as blood floflperfusion pressuro, ffiy changes in perfusion pressure will cause
a conductance-flow regression line to deviate from a perfect correlation (or slope)
depending on the degree and direction of change in pressure.

of

1.0,

In the hypothetical data,

perfusion pressure was raised consisæntly by 207o thereby producing a slope of 0.80 rather
than 1.0. The conductance-flow escape regression line for the experimental data had a slope
of 0.75 despite highly variable elevations in blood pressure during the constriction. It should
also be noted that in the experimental situation blood flow and blood pressure were not

contolled to any extent whereas the hypothetical data was kept within specific limits.
Despite this, the experimental data completely supported the results obt¿ined

by the

hypothetical data. The artifact induced by using resistance to estimate vascular tone may
account for discrepancies in the literature related to vascular escape. Earlier investigations

(Folkow et al., I964a) suggested that the extent of vascular escape (calculated using
resistance) may be dependent on the degree of initial constriction.
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In this study,

escapes

calculated in resistance (table 5) also suggested that a frequency-dependentrelationship exists

for the nerve data. Conductance escapes, however, paralleled. the flow-escapes and neither

flow- nor conductance-escapes showed dose or frequency-dependence, despite dose

and.

frequency-dependent initial peak constrictions. These findings are also consistent with
previous results from our laboratory (Lautt et a1., 19S8b).

Fractica! Considenations

The practical consequence of these results is that

conductance-escapes

will

consistently and accurately describe vascular escape even in the non-ideal situation where
arterial pressure undergoes changes in response to local vasoconstriction. Because it is not

linearly related to flow-escape, resistance-escape will not consistently represent vascular
escape. In practice, the use of conductance will eliminate the error inffoduced by resistance
when blood flow approaches zero flow and calculated resistance increases to infrnity. This

is especially important when

assessing the action

of pharmacological agents on vascular

escape and its possible mechanism(s). For example, changes

in the blood flow

response

during the peak consfiction as a result of a drug can have enoïïnous effects on calculated
resistance. This, in tum, can have drastic effects on calculated vascular escape, despite the

fact that the blood flow may have escaped to the same extent as in the confol response.

If

conductance had been utilized, the error introduced by resistance is circumvented and the
erroneous conclusion that this drug affected vascular escape would have been avoided.
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S{.JMM,AR,Y

Although vascular escape is primarily a blood flow event, calculating the escape

index in terms of flow does not truly represent the changes in vascular tone which the
arterioles have undergone. The aim of this investigation was to determine which index of
vascular tone, conductance or resistance would be the most appropriate to express vascular

escape. Because of the linear relationship between conductance and blood flow and the
exponential (nonlinear) relationship between resist¿nce and blood flow in vascular responses,
conduct¿nce proved to be the most appropriate index of vascular tone to express vascular

escape. It is possible that the exponential relationship befween resistance and blood flow

may account for some of the discrepancies in the literature regard.ing vascular
Indeed,

escape.

it was demonstrated that vascular escape indexes calculated in terms of resistance

grossly misrepresented blood flow-escape indexes, and, according to statistical analysis,
would have led to elroneous conclusions about vascular escape. Thus, not only does this
investigation confirm that conductance is the most suitable index of vascular tone with which

to express vascular escape, it also validates the methodologies used to

assess the action

of

pharmacological agents on vascular escape and the possible mechanisms controlling this
phenomenon.
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SecÉio¡l

Vffi"4. Moduxaúory EffecÉ of'Glucagorn

o¡a

Vascu[an Ðscape im the Ëlepatic and

MesenÉenic Vasc¡¡lan Eeds of Éhe Caú

TNT'R.OÐUCT'ÏON

In

sections Vtr.1. and VII.2., the results

exogenous glucagon
responses

on the nerye- and

of

studies investigating the effects of

norepinephrine-induced peak vasoconstrictor

in the hepatic artery (HA) and superior mesenteric artery (SMA) were reported.

Section VII.3. demonstrated and discussed the advantages and necessity of using conductance

rather than resistance for expressing vascular escape. Section VII.4.

will now detait the

results of the pharmacological action of glucagon on vascular escape in the hepatic artery

(HA) and superior mesenteric artery (SMA), using conduct¿nce as the index of vascular tone

to calculate the escape index.
The results to be presented in this section were originally obtained as a part of the
investigations reported in sections

V[.1.

and VII.2., but are reported separately for the sake

of organization.

METHOÐS AND MATER,{AT,S
The surgical protocol for the HA series and SMA series have already been detailed.
and can be found in sections

Vtr and VIII, respectively. Low and high constrictor stimuli

for the HA series were 0.30 + 0.04 and 0.80 + 0.16 pdkg/min infusions of norepinephrine
into the HA via the gasÍoduodenal artery and,2.2 and 6 Hz frequency stimulations of the
hepatic a$erial anterior nelve plexus. Norepinephrine doses in the SMA series werc 0.27
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+ 0.04 and 0.79 + 0.16 Fglkg/nlln and were infused directly into the SMA via a small branch

off the main trunk of the SMA. Stimulation frequencies werc 2 and 6 Hz and were applied.
directly to the superior mesenteric nerve plexus. Each stimulus was applied for 3 minutes

to obtain a peak constriction and vascular escape response.

The three doses of glucagon selected from the glucagon dose-response curves
conducted in the

HA series to antagonizethe constrictor and escape responses were0.047

+ 0.014 (low), 0.13 + 0.04 (mid) and 0.31 + 0.07 pgkdmin (high) and were infused into
the portal

vein. The glucagon

doses used

in the SMA study were 0.11 + 0.02,0.30 + 0.06

and 0.61 + 0.1r pglkg/rr'n and were infused inro the

sMA directly.

PR.OTOCOLS
The nerve and norepinephrine responses were tested in random order.

A

complete

test procedure consisted of: control responses for all 4 constrictoï stimuli; repetition of

consfictor stimuli in the presence of a low dose of glucagon; second control responses for

all constrictor stimuli; repetition of constrictor stimuli in the presence of a mid dose of
glucagon; third contol responses for all constrictor stimuli; repetition

of all

constrictor

stimuli in the presence of a high dose of glucagon; final conftol responses for alt constrictor
stimuli.

Calculations

HA conductance was calculated

as

follows: HA conductance = HA btood flow/ (HA

blood pressure minus portal venous blood pressure).
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Vasoconstriction reaches a peak approximately one minute after the stimulus is

applied. After this time the phenomenon of vascular escape occurs in which the response
returns towards the baseline and reaches a plateau level by about 3 minutes. Vascular escape

is

calculated as an escape

index:

(plateau escape conductance minus peak response

conductance)/(contol conductance minus peak response conductance)

x

1.00Vo. peak

vasoconstriction was calculated at the initial peak of constriction (within one minute), not
necessarily the lowest point of the response. Plateau escape conductance was measured after

3 minutes of stimulation. In addition to percent escape, the percent inhibition of

escape

by glucagon was also calculated: (control response escape minus test response

caused

escape)/(conffol response escape)x 100. V/eak vasoconstrictor responses tended to make
accurate measurements of vascular escape very difficult. Thus, to avoid the enormous errors

that may have been incorporated into our calculations, an inclusion criteria was established
such that escapes would only be quantitated

if the original vasoconstriction was gïeater

than

157o.

Glucagon (E.

Lily & Co.) was dissolved in the injectable solvent contwning

I.6Vo

glycerine and 0.2Vo phenol which was then diluted in Ringer solution. A stock solution of
norepinephrine was dituted to the appropriate concenüation for infusion with normal Ringer
solution.

Mean and standald error of the mean are reported throughoul Control responses are

taken as the mean of the responses measured before and after the test responses(during

glucagon

infusion).

Comparisons are made using blocked ANOVA

comparisons by Duncan's test.
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with

muttiple

R.ES{Jr.T'S

Calculated in terms of vascular conductance, the mean escape from vasoconstriction

of the conffol responses before and after each test response did not change significantly with

time.

Paired analysis of the escape index dat¿ indicated that there was no significant

difference between escape responses for the low and high constrictor stimuli.

Glucagon and Vascular Ðscape ir¡ the F{epatic,&nteny
Glucagon was able to inhibit the vascular escape responses induced by all constrictor

stimuli. Percent inhibition of escape indicates the extent to which each dose of glucagon
inhibits the vascular escape of the test response compared to its own control escape response.
Blocked ANOVA of the low and high nerve and norepinephrine responses, in terms of the
percent inhibition of escape, showed that for each dose of glucagon the extent of inhibition

was not different for any of the constrictor stimuli. Thus, the percent inhibition data was
pooled and is presented in figure

both stimuli

26.

Glucagon appears to inhibit the vascular escape of

in a dose-dependent manner.

The effect of the high dose of glucagon

represents a significant inhibition (80 + 23Vo, P<.05) of the escape response to the nerye-

induced consffiction as indicated by statistical analysis of the original percent escape data.

Similarly, the mid and high doses of glucagon signifi.cantly inhibited the escape response ro
the norepinephrine-induced constrictions by completely abolishing escape (i09 + 34.BTo and,
115 + 34.8Vo inhibition respectively, P<.05). rtrhile there is a large degree of variability in

the inhibitions, these doses of glucagon appeu to allow a slightly greater amount of
vasoconstriction during the escape stage of the constrictor response than at the initial peak
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26:

pooled

h{E

responses

gtucagon Qmia gtucagon
ffir,igr, gtucagon

Percent inhibition of escape for pooled nerve and norepinephrine responses in

the hepatic artery during low, mid and high doses of glucagon (see text for the

escape

equation). Responses a¡e the mean t pooled SE (n=8). Glucagon inhibited the vascular
escape

for both constrictor groups in a dose-dependant Íranner, with the high dose of

the

peptide significantly decreasing the escape to the nerve responses (807o inhibition) and the

mid and high doses of glucagon completely abolishing the vascular

escape

norepinephrine-induced constriction (l09%o and 115% respectivety). Inhibirion

of

to

the

greater

than I00Vo reflects the observation that constriction slowly continued to develope over the

3 minute stimulation period.
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of the

response.

Figure 27 depicts an example of the inhibitory effect of glucagon on vascular escape

from a 6 Hz nerve-induced vasoconstriction taken from one experiment. The test response
(middle panel), carried out during a constant infusion o10.2 p/kglmin of glucagon into the
portal vein, represents a 507o inhibition of escape as compared to the mean of contol 1 and

control 2 responses, which were produced in the absence of glucagon.

Glucagon and vascular Escape in the superior Mesenteric
^&rúery
Vascular escape responses in the SMA were also calculated using conductance. The
escape index

of the control

responses before and after each test response

did not change

significantly with time. Paired analysis of all control escape responses indicated that there
was no significant difference between the escape responses from the low and high constrictor

stimuli.

Unlike the effect glucagon had on vascular escape in the hepatic arterial bed, blocked

ANOVA indicated that glucagon had no significant modulatory effect on vascular
from any consffictor stimuli (table 7).
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escape

control

glucagon (O.2 yS/kS/ minl

control

2

;ïf Ãru

FAP

(mm Hs)

'iI

PVP

(mm ttg¡
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(mllmin,zkg)
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Figure

1

27:

".*"6Hz"tñ¡

G;ãffi-]
6Hz

f *t""

6Hz"tñ-l

Tracing taken from one cat representing the inhibitory effect of glucagon on

vascula¡ escape from

a 6 Hz

nerve-induced vasoconstriction

of the hepatic artery.

Abbreviations: FAP, femoral arterial blood pressure; PVP, portal venous blood pressure;
HAF, hepatic arterial blood flow. Vascular

escape

is the phenomenon in which biood. flow

returns towa.rds its baseline following the peak vasoconstriction elicited during a sustained
constrictor stimulus. kr this example glucagon inhibited vascular escape by 50Vo (middle
panel) compared to the mean escape from the two control responses.
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TAELE
7

30.7t7.3

44.1!5.9

34.6t6.7

High NE
(0.79r0.16)

Low Nerves
(2 Hz)

High Nerves
(6 Hz)
399+9.2

40.2x8.3

51.0+10.9

Glucagon

Low

39.9!9.2

36.3+10.0

32.6tt3.0

42.6t5.7

51.118.8

Glucagon

Mid

42.0!7.3

43.7t1,4.6

High

48.9t9.3

54.tt11.7

37.6t7.9

33.6+2t.2

Glucagon

"rrup..

NE, norepinephrine (pg/kg/min). Glucagon doses, tow (0.1 14 X0.024 pgikgimin), mid glucagon (0.30t0.06
¡rglkgimin), high glucagon
(0'61t0.11 ¡lg,/kg,/min). oControl values represent the means of the confol values before and. after the tesi

42.6t12.6

ConfrolÕ

Low NE
(0.27t0.04)

Stimulus

Percent escape from initial peak constiction in the presence and absence of glucagon in the superior mesenteric artery

Ð{SCUSSTON
The previously reported aspects of these investigations demonsrated that glucagon
was capable of mildly inhibiting the peak constrictor effects induced by nerve stimulation
and norepinephrine in the mesenteric arterial vascular bed, yet was incapable of doing so in
the hepatic arterial vascular bed. Rather, glucagon mildly (but significantly) potentiated the
peak responses in the

responses

HA. It should be noted, however,

in the mesenteric

that the inhibitions of the constrictor

artery required glucagon levels

to be well beyond

pathophysiological levels and even at these concentrations, the extent of inhibition was very

weak. Furthermore, only the constrictions induced by the low frequency nerve stimulation
and low dose of norepinephrine were affected.

It was concluded from fhese studies that, in

opposition to earlier reports, glucagon likely did not have any physiological role as
protective mechanism against excessive consffiction, nor did

it

a

have any major vascular

effects at physiological concentrations. These earlier studies, however, did not examine the
effects of glucagon on the vascular escape phase of the constrictor response to a maintained
pressor stimulus.

Vascular Escape
Vascular escape, as defined by Greenway (1984a), has the fottowing characteristics:

1)

It

occurs only

in arteriolar smooth muscle, but not in venous smooth muscle. 2) It

occurs during reflex activation as well as during direct electrical stimulation
sympathetic nerves. 3)

of

It occurs at all frequencies of stimulation. 4) Blood flow

recover to above the controi level.

the

may

5) Vascular escape occurs during constant pressure or
L82

constant flow perfusion of the vascular bed being studied. 6) Escape is unaltered after the

administration of beta-receptor blocking agents. True vascular escape has been demonstrated

in the small intestine of cats (Greenway et al., 1976; Folkow et

aJ.,

I964a) and dogs (see

Greenway I984a), in the renal vascular bed of cats (-utz and Henrich, 1973) and in other
mesenteric preparations in rats, cats and humans (see Greenway 1984a).

It

has also been

clearly demonstrated in the HA vascular bed of cats (Lautt, 1977b; Greenway and Oshiro,
1.972),

but does not occur in the hepatic arterial vasculafure of the dog (Greenway and

Oshiro, 1912), nor in skeletal muscle (Folkow et al., I964b) or adipose tissue (Oberg and
Rossel, 1967). As well documented as this phenomenon is, no definitive mechanism(s) has
been found to explain vascular escape although theories do

exist

The two most likely

mechanisms are: 1) Release of an unknown vasodilator substance secondary to sympathetic
nerve stimulation and,2) A cellular mechanism rendering the vascular smooth muscle unable

to maintain its contraction in response to the neuroftansmitter released upon stimulation of

the sympathetic nerves (see Greenway, 1984a). Recently, Chen and Shepherd (1991)
suggested that vascular escape may be due to the increase

which develops during

a

in blood-H+ ion concentration

maintained sympathetic nerve-induced constiction of the mesenteric

vascular bed. They propose that escape results, in part, due to the ability of increased H*

ions to impair norepinephrine stimulation of posdunctional qz receptors in the intestinal
cilculation. Remak et al. (1990) proposed that neurogenically induced

escape responses may

be due to afferent nerve fibres releasing vasodilatory peptides during stimulation of the
nerves, per se.
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Effecú of'Glucagor¡ o¡l Vascular Ðscape

üm

the F{epatüc Anúery and Superåor Meser¡Éeric

,4.nÉeny

Data from these studies show that glucagon had an inhibitory effect on the escape
response from nerve- and norepinephrine-induced vasoconsffictions in the hepatic vascular

bed, but not in the mesenteric vessels. That is, glucagon prevented the dilation of the HA
vasculature during the escape phase of the constrictor response.

At

some doses, glucagon

abolished escape completely and allowed a greater tone in the vessel to develop compared

to its initial peak response. The current results suggest that in the HA, the effect of glucagon

on vascular escape is consistent with a post-synaptic site of action and that glucagon is
acting in a dose-dependent manner.

Other agents have been shown to have variable effects on vascular escape. For
example, adenosine deaminase has been shown

to mitdly inhibit

escape

in the porcine

mesenteric vasculature (Crissinger et al., 1988), whereas 8-phenyl-theophylline, a selective
adenosine receptor antagonist, did not alter escape

in the mesenteric vascular bed of the cat

(Lautt et al., 1988b). Beta-adrenergic receptor blockade, by definition, should not affect
vascular escape, however Ross (1967,

l97I) reported that propranolol reduced the degree of

escape from NE infusions, but not from nerve stimulation

in the cat mesenteric vasculature.

Thus, Ross may not have been affecting vascular escape, but some other part of the
consffictor response. Lautt et 41. (1988b), observed no effect of propranolol (8-phenyttheophylline and oubain) on escape from norepinephrine- or neurogenic-induced constrictions

in this same vascular bed. Similarly,

Ross and Kurrasch (1969) found that

in the cat,

HA.

Pa¡t of the

propranolol had no effect on escape from NE-induced constriction of the
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Çonfusion in this area of research is that some investigators have reported their data in terms

of resistance. As

noted

in the previous

section, the use

of

resistance can introduce

mathematical artifacts into the calculation of escape indexes due to its nonlinear relationship

with blood flow. This is particularly relevant when assessing the action of

a

pharmacological agent on vascular escape. Any alteration of the peak constrictor response

by the agent, rather than the escape response itself, can appear as an effect on vascular
escape.

Despite the degree of confusion in the literature regarding the modulation of vascular
escape, the findings from the study

in the hepatic vascular bed represent the flrst successful

modulation of vascular escape by physiological or pharmacological means in the

HA. It

must also be stressed that all analysis of vascular escape was calculated using conductance,
thereby reducing the possibility of an arithmetic artifact in the results.

The mechanism by which glucagon exerts its inhibitory effect is unclear.
theory by Chen and Shepherd (1991) is correct,

it

suggests that glucagon

If

the

is capable of

preventing an increase in the H+ ion concenffation or interferes with the interaction of the

H* ions and the cb- receptors. In an investigation by Madden, Ludewig and Wangensteen
(197I) glucagon was administered intravenously to dogs, and, among other parameters, the
pH of arterial, venous and portal venous blood was measured. Although the pH in all blood
samples had dropped by approximately 0.02 units 30 minutes after the glucagon injection,

the pH in arterial and portal venous blood had risen 0.02 and 0.03 units, respectively, one

minute after glucagon adminisffation. The latter changes in the pH were, however, not
significantly increased from control levels. There were also no blood samples taken between
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the one minute mark and 30 minutes post-glucagon injection. It is interesting ûo speculate
that

if

the transient increase in pH was the result of the "injection" of glucagon (resulting in

a ffansient rise in glucagon), the constant infusion of glucagon

study may have produced a maintained elevation
elevation in pH were to occur,

it

in the present hepatic arterial

in the pH of the blood. If such an

could counteract the action of the H* ions at the oq-

receptors and inhibit vascular escape.

At the moment, however, I am not aware of

investigation that has reported the blood pH during a constant infusion

of

any

glucagon.

However, Davis et al. (1985), reported that infusions of glucagon in fasted dogs produced

a 30Vo rise in lactate in arterial blood, reaching a peak 15 minutes after the start of the
glucagon infusion. Blood pH was not measured in this study. However, these authors also
note that under certain conditions ie., animals that have not fully recovered from surgery, the

liver consumed lactate rather than produced this metabolite.
The selectivity of glucagon for the hepatic vasculature over the mesenteric artery may

be related to the greater potency this compound has
(discussed

in the HA compared to the SMA

in sections Vn.2. of this thesis). Because glucagon had inhibitory effects on HA

escape and not SMA escape, the liver itself may have contributed to this selective inhibition

of vascular escape. It is possible that glucagon acted on the liver, which in turn, released
a substance or modified the blood such that vascular escape was inhibited.

S{JMM^A.R,V

In

summary, glucagon was found

to

selectively inhibit vascular escape from

neurogenically-mediated and norepinephrine-induced constrictions of the HA, but not in the
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mesenteric vascular bed. The selective effect of glucagon on the escape responses in the HA

may be related to the greater sensitivity the HA appears to have to glucagon, compared to
the SMA. This selective effect may also be due to a glucagon-liver interaction such that the

liver releases an inhibitory substance or somehow affects vascular escape. Although the
mechanism by which glucagon

is working is not clear, it

dependent manner and at a post-synaptic site.

All

appears

to do so in a dose-

data from the investigations in the hepatic

and mesenteric arterial vascular beds were calculated in terms of conductance, in accordance

with the results obtained in section Vtr.3. Thus, the observation that glucagon inhibited
vascular escape in the HA but not in the SMA is not due to a mathematical artifact.
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In the previous sections (VI and Vtr) methodological, pharmacological and functional
aspects of glucagon were investigated in the hepatic and splanchnic arterial vascular beds.

Additionally, features of the intrinsic (hepatic arteriat buffer response) and extrinsic (nervous
and humoral) regulation of the hepatic artery (HA) were assessed with respect to glucagon.

In this next section, the emphasis of the investigation is focused, not on the arterial vessels,
but the portal and hepatic venous vasculature.

In recent years, major advances have taken place in the understanding of the hepatic
venous and portal venous system

in respect to the maintenance of intahepatic

btood

pressure, which in turn, has repercussions on the microcirculation of the liver and systemic

cilculation in general. This is particularly obvious when one considers the cardiovascular
dysfunction that is associated with some chronic liver diseases, such as cirhosis and portal

hypertension

@HT).

These issues have been thoroughly discussed in the general

introduction of this thesis. Thus,

it

was an interest of mine to assess the function of the

hepatic venous system under a diseased state.

The effect of PHT on this system was the most relevent condition to study. The

majority of hemodynamic studies conducted in portal hypertensive animals, however,
involved the partial poftal vein stenosis model. This

188

is a form of

has

pre-hepatic PHT,

presumably without effect on the hepatic venous sphincters and therefore would be
inappropriate for studying the hepatic venous system. Chronic bile duct-ligation (CBDL) has

been reported

to produce hepatic cirrhosis closely mimicking that of

alcohol-induced

cirrhosis in man, and has been used as an experimental model of PHT in dogs (Bosch et al.,
1983) and rats @ranco et al., 1979). CBDL has been reported to produce a postsinusoidal

form of PHT and, therefore, should be a reasonable means of affecting the hepatic venous
system. Furthermore, CBDL has not been used in the feline species other than for studies

of obsffuctive jaundice. Thus, the object of this investigation

\¡/as

to

assess the technique

of CBDL as a model of PHT in the cat and determine the effect this condition may have on
the hepatic venous system, in particular, the site(s) of increased resistance lead.ing to PHT.

METTNOÐS ANÐ MAT'ER,TAN,S
Cats of either sex were randomly assigned as sham-operated confols or bile duct-

ligated test animals. The test animals were further divided into three groups of varying
duration of bile duct-ligation, 10 days, 14 days, or

2I

days.

All

sham operated cats were

studied 10 days after the initial sugery.

Surgical and Fostoperative Procedures

a)

tsile Ðr¡ct-I-igation Sungery
Cats were fasted overnight and anesthetized

with sodium pentobarbital (32.5 m/kg)

by intraperitoneal injection. An infravenous infusion line was started in a brachial vein to

dlaw a blood sample and to administer 62.5 mg of ampicillin washed in with 10 ml of
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warmed 5Vo dextose Ringers solution. The

W was then removed. Ampicillin (62.5 mg)

was also given intramuscularly (IM) into the hind limb muscles prior to surgery. Under

sterile conditions, a mid-line incision from the xiphoid process to the umbilicus was
performed and

a lapalotomy conducted. A 1 cm length of the coûunon bile

duct,

approximately 1 cm from the duodenum, was cleared and separated from the surrounding
tissue. The bile duct was ligated twice (2.0 sitk sutures) and sectioned between the ligatures.

The cystic duct leading to the gallbladder was also ligated using 2.0 sitk sutures. The
abdominal muscles were closed with 2.0 chromic gut sutures using a continuous running

stitch. The skin layer was closed with 2.0 chromic gut sutures using a continuous hidden
mattress stitch. The sham-operated cats underwent the identical surgical procedure except
that their bile duct and cystic duct were not ligated. Animals were transfered to a recovery

room where they were individually housed in stainless steel cages until they had recovered

from the anesthesia. Animals were kept warm with blankets and hot water bottles or
circulating hot water matüesses. Animals were checked frequently during the recovery

period. Only one animal died during this time. Each animal received 62.5 mg of ampillicin

daily for the first two days following surgery. No analgesics were necessary for
postoperative care.

These experiments were carried out over two separate time periods.

In the fust

period all animals were housed individuatly in stainless steel cages but were given ample
time daily for exercise and play outside the cages. During the second period of experiments,
the cats were housed communally in a special postoperative room (approximately 6.5 m x

2.5 m) equipped with ramps and shelves for climbing and exercise. No more than 6 cats
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were housed simultaneously which afforded the animals abundant space. In both cases, cats

were monitored for behavioral changes and general health status.

All medical attention and

requirements were dealt with immediately in collaboration with the on-staff veterinarian.

Abdominal incisions were checked daily for the first week. No cats appeared to suffer from
any surgically-related infections. Several cats in all groups did suffer from mild to moderate
upper respiratory tract infections and were ffeated with Amoxicillin (an ampicillin analogue).

Eye infections were also common among the animals and were ffeated effectively with

a

glucocorticoid antibiotic according to the manufacturer's directions (Gentocin Durafilm).

In the treatment

groups, some animals became anorectic as their conditions

progressed. 'When deemed necessary, these animals were fed a balanced carbohydrate,

protein and vitamin milk-based diet @ro-Balance Maximum Feline Nufition, Norden
Laboratories). Test animals that became nauseated or vomited were ffeated with 5-10 mg

of dimenhydrinate IM (Squibb

Canada

Inc.). Hydration

status of the cats was monitored.

Any cats showing the first signs of dehydration were given subcutaneous sterile

saline

infusions (back of neck) according to standard veterinarian techniques.

b)

Acute ÐxperimentaX Surgery
On the assigned day (10, 74, or 21 days post-ligation), cats were anesthetized with

pentobarbital sodium (32.5 mglkg) by intraperitoneal injection after an overnight fast.
Anesthesia was maintained throughout the experiment by supplemental doses (6.5 mg/kg)

of the anesthetic through a brachial vein cannula. Body temperature \¡/as maintained

at

37.5"C by means of a rectal probe and a thermal control unit regulating heating rods in the
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sugical table. Systemic arteriat presstrre was measured from a cannula in the right femoral
altery (FAP). Inferior vena caval pressure (IVCP) was measì.]red from a cannula inserted
into the femoral vein and advanced well into the inferior vena cava. A test blood sample
was taken from this cannula early in the surgical preparation and used to measure postligation serum biochemistries and hematocrit. A tracheal cannula was inserted to maintain
a patent airway and

as

for artificial ventilation. A laparotomy was performed on the same site

in the initial surgery. The inferior mesenteric artery was ligated. The corrrmon hepatic

artery and anterior plexus of the hepatic nerves were located. The nerves were carefully
separated from the cofftmon hepatic a.rtery, ligated, sectioned, and the proximal end placed.

in

a

circular bipolar stimulating elecffode. The gastroduodenal artery, which branches from

the junction of the coûtmon hepatic artery and hepatic artery proper, was also ligated. In
some of the test animals, the common bile duct was grossly expanded and prevented access

to the gastroduodenal artery. The spleen was removed and the splenic afiery ligated.
Portal venous pressure (PVP) was measured from a cannula inserted in a small cecal

vein and passed into the portal vein. The end of the cannula was located approximately

1.5

cm from the hilum of the liver.

A commercial i.v. unit (Jelco 23G) was inserted in the superior mesenteric vein

and

glued in place (Histoacryl) to allow for portal venous infusions of norepinephrine. The cat
was placed on the respirator and an incision was made into the thoracic cavity at the level

of the 6th intercostal space to expose the vena cava and heart The jugular vein was located
and a PE90 sealed tip cannula, with side-holes located approximately 3 andT mm from the

tip, was inserted into this vein. The cannula was manipulated past the heart and into the
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thoracic vena cava. The cannula was then directed by the surgeon's fingers into the hepatic

vein. The cannula was

advanced into the liver until

it

reached a wedged position. The

cannula was then pulled back slightly from this wedged position (approximately 0.5 cm) and

was used to measure intrahepatic, or lobar venous pressure

(LVP). In most

cases the

location of the cannula could be verified to be in the liver by feeling it in one of the liver

lobes. However, to determine whether this cannula was located in the proper position, that
is, beyond the hepatic venous sphincter sites, a test bolus of norepinephrine was injected into

the portal

vein. LVP

and PVP should rise

to a similar extent with IVCP remaining

unaffected. Animals were allowed a minimum of 30 minutes to stabilize before any
experimental protocol was performed.

All pressure transducers were
cava at the hepatic outlet

site.

set to zero relative to the midpoint of the inferior vena

Calibration of the tansducers was done using a water

manometer for venous pressures and a mercury manometer for arterial pressures.

PR.OTOCOLS

Flasma Biochemistries
The contol blood sample taken before bile duct-tigation sugery and the test blood
sample taken on the day of acute experimentation were immediately centrifuged and the

plasma drawn

off

and frozen. The plasma was laûer analyzed.

for

glucose, lactate,

triglycerides, albumin, total protein, direct and total bitirubin, cholesterol, high density
lipoproteins (HDL), lactate dehydrogenase, gaÍtma glutamyl transpeptidase (GGPT), alanine
aminotransferase (ALT; SGPT), aspartate aminofransferase (AST; SGOT), and alkaline
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phosphaøse. All compounds were measured using an Abbott VF Supersystem Photometric
Analy zer (Abbott Laboratories).

Fressure Fnofiles

After cats had been given time to stabilize following surgery, the lobar venous
catheter was withdrawn

in 0.5 cm increments. After each incremental withdrawal the

pressures were allowed

to stabilize and were noted. As this procedure continued, LVP

progressively decreased toward IVCP until LVP was equal to or similar to [VCP, or until

withdrawal of the cannula failed to produce any further changes in LVP. The cannula was
then re-inserted into the

liver.

These hepatic venous pressure profiles were then repeated

during consffiction of the hepatic vascular bed imposed by a 0.5 pglkg/min constant infusion

of norepinephrine into the portal vein or a continuous 8 Hz frequency stimulation (1 msec,
square pulse, 15v) of the hepatic anterior plexus. During a nerve stimulation of the anterior

plexus, PVP and LVP initially rise with PVP becoming larger than

LVP. PVP then

undergoes an escape phenomenon whereby this pressure decreases towards and plateaus at

or near to the elevated LVP, despite the continued nerve stimulation. Onty after this
response had plateaued (approximately 3 minutes) was the hepatic venous pressure profile

conducted. Norepineptuine infusion also raises PVP and LVP, but the escape phenomenon
does not

occur. The hepatic venous pressure profile was

conducted. after PVP and

LVp

responses had plateaued (approximately 3 minutes). PVP and LVP responses were measured

at the peak of the PVP response. FAP responses were also measured at the peak of the
arterial pressure response.
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The hepatic venous resistance sites were chatacteized in respect to their length and
the percent of the total drop in LVP which occured over this length. This was assessed
during the pressure profiles. As the LVP cannula was withdrawn, a pressure drop could be
measured. A pressure drop of > 0.5 mmHg in one incremental withdrawal (0.5 cm) was the

criteria for considering that the cannula tip was passing through an area of increased
resistance. For each cat, the number of 0.5 cm increments over which a > 0.5 mmHg drop

in LVP

occurred was recorded and this length was considered

resistance

site.

to be the extent of

the

The pressure drop occurring over this region of resistance was then

calculated as a percent of the total drop in LVP over the entire hepatic venous profile.

After completion of the experiment, a large hemostat was used to clamp the vena
cava at the level

of the diaphragm thereby securing the hepatic venous catheter in the liver.

The location of the hepatic venous catheter within the liver was determined at this point.

FIÍstology
The liver, kidneys, and heart were removed, weighed, and inspected for gross changes
and pathology. The liver was prepared for histological and pathological analysis. Blocks

of tissue \ilere cut transversely from each lobe and immersed in labelled bottles containing
I}Vo ne:utral formal saline for fixation. Tissue blocks were embedded in paraffin wax and
were cut in 7 ¡rm thick sections. Two stains were used: Delafield's hematoxylin-eosin
regressive method in which nuclei stain deep blue and other cellular structures søin pink;

Mason's trichrome method, which clearly differentiaæs fibrous connective tissue from liver
parenchyma, with collagen staining green and other cellular structures staining magenta.
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All

slides were analyzed by an examiner without prior knowledge of the treaûnent to avoid
observer bias.

Absolute values of FAP, PVP, LVP, and IVCP, as wellas pressure gradients between
PVP and IVCP (PVP-NCP gradient), PVP and LVP (PVP-LVP gradient) and LVP and CVP

GVP-IVCP gradient) are reported as the mean + the standard enor of the mean. Because
the gradient values were small, the percent change in these gradients and any calculations

utilizing these gradients used the mean values of the respective pressures incorporated in the
gradient rather than the mean

of the percent change in the gladients

taken from the

individual experimens. This method of calculation obviated grossly exaggerated percent
change values that can occur based on changes in a very small initial

values.

Conplations

between plasma biochemistries and hemodynamic parameters were calculated. using a linear
regression curve fitting computer progmm (GraphPAD Inplot Graphics).

Statistical comparisons were selected according to the type of data and included
paired and unpaired t-tests, unblocked and blocked ANOVA's, with multiple comparisons

by Duncan's test.

R.ES{JLTS
Cats recovered fi'om anesthesia generally

and drank readily at this

any signs of

ill

within 24 hours after surgery. All cats ate

point. Sham-operated (referred to as sham) animals did not show

effects introduced by the surgery. In the bile duct-ligated gïoups (referred

to as test groups), jaundice became evident by the fourth day post-bile duct-ligation (range
2-6 days) and became progressively worse with time. It was noted, however, that in some
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of the

2I

day test cats, the degree of jaundice appeared to stabilize or even decrease slightly

during the third week after surgery.

Sham cats did not exhibit any obvious changes

in

behavior throughout the

postoperative period. Cats were generally bright, active, and alert and maintained appetites,

regular bowel movements, and voiding of urine. The effect of bile duct-ligation on test
animals differed between cats even within the same test

goup. Most test cats became

anorectic to some extent, lost weight, and showed varying degrees of lethargy with the

condition of several cats

in the 2I

day group becoming quiúe severe. This condition,

2l

day group and some cats in each test group became

Sham cats (n=9, weight 3.27

+ 0.35 kg) did not lose weight during the 10 day

however, \ilas not restricted to the

very ill.

recovery period (3.28 + 0.31

kg).

Cats

in the three test groups lost a signifîcant amount of

weight compared to pre-ligation weighl 10 day test, 3.38 + 0.28 kg versus 2.84 + 0.21kg
(n=8, p-0.001); 14 day test, 3.94 + 0.20 kg versus 3.2L + 0.19 kg (n=7, p<0.001); 21 day
test, 4.13 + 0.43 kg versus 3,33 + 0.33 kg (n=6, p=0.001). The pre-operative weight was

not significantly different between the sham and the three test groups nor

\ryas

the amount

of weight lost by the three test groups.

Gnoss nnspection of

a)

l,iver and VÍscera

Sham Group

In all

cases the sham animals

did not display any signs of liver or biliary system

pathology upon initial observation. Peripheral vessels þrachial vein, femoral vein, and
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femoral artery) were norrnal in appearance, as were vessels in the abdomen.

h)

T'esÉ

Groups

The extent of obvious liver and biliary tract pathology was variable between animals
and did not necessarily appear to be related to the duration of bile duct-ligation. Some
animals in all test groups displayed varying degrees of liver injury, including general and
localized regions of jaundiced liver tissue, varying degrees of pebbling on the liver surface,
congestion, swelling of liver lobes, and rounding of lobe edges. The liver colour varied
between the normal shade of brownish-red to a very congested deep red colour as well as

having very mottled colorations on the surface of the

liver.

Vessels

in the periphery

(brachial vein, femoral vein and artery, jugular vein) and internal vessels (abdominal vessels

and ascending aorta) were jaundiced.

It should be cautioned, however, that,

as mentioned.

above, these particular liver conditions were found to varying degrees, with extreme cases

of each appearing in all three test groups.

The biliary system

in most test animals was excessively

dilated, includ.ing the

conunon bile duct and hepatic ducts leading from the liver. In one animal the common bile
duct was measured to be 3 cm wide. The presence of white bile was found. in the biliary
system of the test animals. V/hite bile is a clear, colourless, mucoid-like fluid (although

it

does not contain mucopolysaccharides) found in the biliary tree of animals with chronic

biliary obsffuction. It is free of bile pigments and bile salts and has an alkaline pH (8-10).
The protein content has been reported to be less than that of normal bile (Harber and Rees,

t963). The existence of white bile in man is reportedly rare (Flint,
studies have been conducted on this

fluid.

1937), but very few

The mechanism of production of white bile is
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poorly understood.

F{isúonogica! Ctranges

Progressive histopathological changes characteristic

of

development

of bitary

cirhosis occurred in cats following varying periods of bile duct-ligation. Extrahepatic
obstruction of the bile ducts resulted in inflammatory changes of hepatic parenchymal cells,

proliferation and dilation

of small bile

ducts, vascular dilation and hepatic fibrosis.

According to the categonzation of Sherlock (1989), animals with the most severe pathology
appeared to be

in

stage

Itr of cirrhosis development, which was indicated by the presence

of septal and bridging fibrosis. Regenerative nodule formation was absent, indicating that
full-blown cirrhosis (stage IV) had not yet developed.

a)

Flepatic Fibrosis
Hepatic fibrosis was only qualitatively assessed, therefore, time-dependent changes

in the fibrosis were not analyzed statistically. Nevertheless, progressive hepatic interlobular
fibrosis developed in all cats as a consequence of bile duct-ligation. fibrosis and bile duct

proliferation developed

in

most triad spaces. Concentric patterns

of

collagen fibres

containing accumulations of leucocytes, encapsulated the interlobular veins, hepatic arteries
and bile ducts. An increase of fibrous connective tissue interconnected contiguous triad
spaces between hepatic

lobules. Tracks of fibrous strands extended from interlobular

areas

into hepatic sinusoids. Dense connective tissue lesions were more abundant around greatly
dilated lobar bile ducts. In some animals, these fibrous lesions extended into interlobular
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spaces

in a spider-spread pattern. Increased amounts of isomorphous connective tissue were

observed to lie adjacent to the endothelial lining of dilated intralobular portal and hepatic

veins. Despite the

extensive fibrosis, the basic architecture

of the polyhedral

lobular

histology was maintained in all test group cats.

b)

E{ematotrogica! nnflammatony Changes

Chronic inflammatory changes occurred around periportal and intralobular spaces.
Dense accumulations of mononuclear and polymorphonuclear leucocytes were present at triad
spaces and interlobular areas. The greatest concenffations

of leucocytes were observed in

triad spaces with bile duct hyperplasia. Small accumulations of leucocytes were found, on
occasion, in hepatic sinusoids and less frequently in bile ducts. There was no evidence of

Kupffer cell proliferation.

c)

Vascular Ðilation
Hepatic veins, cenffal veins and portal veins in the triads, were often increased in

size. Dilations of this type were non-uniformly distributed in the liver. There was no
evidence of structural changes in the arteriat vessels.

e)

tsile Ðuct Flyperplasia
BiIe duct hyperplasia was evident in alt test cats. The new ducts were differentiated

from vascular structures by the presence of low columnar epithelium circularly arranged to
form a ducl Increased portal fibroblast activity occuned in only those triads with increased
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numbers of bile ducts. The hyperplasia did not occur uniformly in all triad spaces.

tslood and Flas¡na A.natrysis
Pre-ligation hematocrit and hematocrit on the day of acute experimentation were
measured and are as follows for the individual groups. Sham

goup:

29.8

+

1.87o versus

29.4 + 2.3Vo (n='1, not significant,ns); 10 day test,28.9 + 2.87o versus 26.4 + 3.07o (n=5, ns);

14day test,32.5 +2.3Vo versus 26.7 +2.0Vo (n=7, ns);21 day,29.3 + l.SVo versus 28.5 +
3.17o (n=6,

ns). There was no significant difference between any pre-ligation hematocrit

value and the values after ligation as determined by paired analysis of the dat¿.

Analysis of the various blood chemistries before and after ligation for the sham and
test groups are detailed in tables 84, 8B and

8C. These results were analyzed søtistically

in three ways. Paired analysis was used to compare serum values before ligation and at the
time of acute experimentation for each group. The pre-ligation values for each group \ilere
compared by unblocked ANOVA to determine

if

there were any differences in the basal

values of the chemistries. The post-ligation values for each group were also compared by
unblocked ANOVA to determine

if

a time-dependent effect of bile duct-ligation on these

chemistries exist.
The chemistries that were analyzed included the standard indices of liver and tissue
damage,

ALT (SGPT), AST (SGOÐ, GGTP, and alkaline

phosphatase as

well

as indices

of

liver function and metabolism such as albumin and cholesterol (levels). The AST levels
between the sham control and sham test samples were significantly different but were still

within normal levels. 'Whether or not this increase within the sham group represents
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See table 8C

4.49

r 3.31
22.87 t 3.14
3.43

t

6.81
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5.78

2.t3
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0.14

x

r

*
0.20

NS

0.31

7.61 + 0.50

7.09

r

NS

0.15

NS

NS

54.85 NS

r 0.28

!

r

3.10 + 0.28

2.74

257.37

{<

t 0.17

*lk

2.81

CONT

50.97

t

{< {<

t 19.80
83.3s r 3.96 NS

34.98

r 10.60
86.77 ! 5.75
{<

NS

10.14 NS

+

{<

78.34

26.34

20.99

NS

2.54 NS

DAY (n=7)

17.36 +

10

NS

20.08

340.57

TEST

t

NS

21.89

TEST

CONT

TEST

CONT

TEST

CONT

SHAM (n=9)

for common abbreviations and statistical procedures.

TOTAL PROTEIN
(s.s-7.s sldl)

(2.2-3.s smldl)

ALBUMIN

GLUCOSE
(70-1s0 md/dl)

TRIGLYCERIDES
(6-sB me/dl)

LACTATE

TABLE 8A

Plasma values from sham-operated controls, and after LO, 14, and

2l

t
¡k rl.

5.44

+ 1.51

'F

NS

NS

*

NS

t

NS

0.22

7.94 + 0.54

7.26

NS

NS

34.61

0.10

!

3.t6 x 0.27

3.04

187.M

NS

t g.gg
95.54 r 6.10 NS
80.69

27.25

12.29

2.74 NS

NS

t

DAY (n=7)

t7.28

14

days of bile duct-ligation

7.52

7.34

3.55

3.10

t

4.

3.40 NS

9.13 NS

d<

1.57 NS

8.97 NS

!

t

**

0.41 NS

0.18

d<*

0.15 NS

10.11

0.43 NS

NS

r

r

r

{.

* 3.72 NS

t

NS

*

r

117.68

92.21

48.67

24.93

7.81

14.93

21 DAY (n=6)

G)

o

t\)

See table 8C
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4.48
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+
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4.25
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*

!
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19.53 t 2.02 NS
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0.038 NS
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!
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t

r 0.13
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t

t7.33
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0.36

0.017
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0.03

r 3.30

r
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TEST
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NS
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r
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0.029

0.006

r

0.036
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r

f

{<
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4.18 **

**4<

rf<

{<

r 8.73
466.49 + 84.89

38.28

¡& r<

NS

215.16 + 61.90 ,',*

14.18

0.198

3.13

It lq

L8.57 +

0.65

20.91 +

{<*d.

0.419 + 0.123

15.46

*rk4<

0.206 + 0.110 NS

14

x

r

2.lo

++

'r.d<

0.041 NS

530.50

31.54

t

2.91

'l<

NS

NS

d<

r 82.00 NS

t 4.t6

,F*

NS

t 21,.60

d.{< rF

t 3.29
153.30

r6.to

0.38

2.84

ú+ú

t
r

22.56

0.75

17.65

0.328 + 0.038 NS

12.60

0.133

21 DAY (n=6)

for statistical procedures. Abbreviations: GGTP, gamma glutamyl transpeptidase; AST, aspartate aminotransferase; ALT, alanine aminotransferase.

ALT
(10-60 ru/L)

AST
(10-60 ru/L)

GGTP
(1.8-183 rU/L)

TOTAL BILIRUBIN
(0-0.8 ms/dl)

DIRECT
.BILIRUBIN

TABLE 8B

Plasma values from sham-operated controls, and after lO, 14, and,2l days of bile duct-ligation

rull)

ru/L)

!

10.70

t

77.21

t
8.05

t7.07 + 8.29

NS

17.58

67.24 + 7.54

NS

14.15

+

5.67

33.25

10.69

39.94

NS

153.47

!
26.55 t

NS

79.86

24.03

18.50

+ 8.50 NS

r& {<

r 8.26 NS

***

11.46 NS

187.30 + 25.34

t

t

29.83

30.89

4,*

x 6.51

NS
NS

+ 8.52 NS

t72.06 + 16.32

s+

81.89

*

NS

31.20

28.20

9.47

NS

11.30 NS

t 9.10 NS

x

+ 15.90

',k

15.90 NS

50.02 NS

{<*

r

r 12.53 NS

x 22.02 NS

r

148.00

83.75

187.50

40.90

t

14.02 NS

96.67

x
NS

68.27

21 DAY (n=6)

+ 119.72 NS

f 47.12 NS
80.77 t 11.46 NS
160.78

44.48

305.07

NS

+ 14.63 NS

DAY (n=7)

70.35

14

113.66 + 35.90 NS

4<

r 116.35 NS
19.67 t 2.15 NS

274.98

NS

115.46 + 27.75 NS

DAY (n=7)

lipoprotein.

Values in brackets are for normal cats (taken from Bentinck-Smith et a1., 1989). All reported values are the mean SEM. Common abbreviations, CONT,
blood sample
taken before biliary obstruction; TEST, blood sample taken on day of acute experimentation after biliary obstruction. Statistics: paired comparisons were made
between
the conÍol sample (set-up surgery) and test samples (day of experiment) for all groups (significance noted betrveen test and control values). Sham and test groups
were
compared by unblocked ANOVA (signiflcance from sham group noted to the right of test values). Abbreviations: LDH, lactate dehydrogenase; HDL, high
density

CHOLESTEROL
(116-t26 mg/dt)

(<30

Phosphatase

Alkaline

(10-200

LDH

10

Piasma values from sham-operated controls, and 10, 14, and 2L d,ay duration of bile duct-ligation

TABLE 8C

influence from the srrrgery alone or is a normal flux in this enzyme activity is not clear.

AST and ALT levels in the ligated test groups were massively etevated from the
sham control and sham test

levels. ALT levels, which are more specific for liver

tissue

injury, were elevated 15-16 fold from the sham test levels in all three test groups. The AST
levels rose approximately 7 times in the 10 and 14 day test groups but decreased slightly
(but not significantly) by the 27 day period (5 fold increase). GGTP, which is considered
to be an indicator of hepatobiliary pathology, was increased in all three test gtoups compared
to the sham group. The normal range of GGTP, however, is very wide and only the

2I

day

gloup levels were elevated above this range. Alkaline phosphatase, which also reflects
irnpaired biliary ffact function, was significantly elevated in all the tests gïoups compared

to the sham, but not between test groups. Along with the elevated GGPT levels, these data
suggest that the

biliary system of the test cats was impaired by our interventions. The test

levels of the alkaline phosphatase were, however, extremely variable which accounts not only

for the large test values but also the low levels of significance between pre-ligation confols
and test levels.

Statistically significant changes
occurred for albumin.

All

in the sham test sample and 2l day test sample

albumin levels, conúol and test, remained within normal levels.

Cholesterol levels were mildly elevated from sham levels and were highest in the 10 day

$oup (187.3 + 25.34 mg/dl). Only minor

changes occurred in the

HDL levels. Triglyceride

levels were significantly increased in the 10 and L4 day test groups compared to the sham
test levels and the control levels of each of these groups. Glucose levels in all test blood.
samples, including the sham group, were significantly elevated with the sham test group
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actually showing the largest elevation in glucose. There was a progressive decline toward
normal levels. Although the

2I

day group still had a significantly increased test glucose

level compared to the control level, this test level was within normal limits.
The control levels of direct and total bilirubin were all well within normal levels.

In all three groups, bile ducrligation significantly increased these levels between 77 and L64
times the contol levels. Direct bilirubin reached maximum levels (15,46 + 2.4 mg/dl) at 14
days post-ligation. Total bilirubin followed a simitar pattern reaching a maximum level of
20.9 + 3.13 mg/dl in the L4 day group which represented a 50 fotd increase from the control
level.

FÏepatÍc Venous Pressure ProfTles
Hepatic venous plessure profiles from the sham and test groups were obtained under
basal conditions and in the presence of exogenous norepinephrine (0.5 ¡rglkg/min), infused
at a constant raæ into the portal vein, and during an 8 Hz frequency nerve stimulation of the
hepatic anterior plexus. An example of a typical control profile in the basal state taken from

a sham cat is shown in figure
detailed in this section).

1)

28.

Several points should be noted (and

will

be further

PVP and LVP are recording a very similar pressure which

supports previous findings which suggest that there is very little presinusoidal resistance in

the portal vascular system under basal conditions. In this tacing, the pressure d.ifference
between PVP and LVP is approximately 1 mmHg.

2)

LVP is not measuring a wedged

pressrue since this cannula has been pulled back from the wedged position and respiratory

movements are present and independent of PVP. This suggests that LVP is a true
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Figure

28:

Tracing of a typical pressure profile in the basal state, taken from a sham-

operated animal. Before the LVP cannula was withd¡awn, PVP and LVP were recolding a

very similar pressure suggesting that there was very little presinusoidal resistance in the
portal vascular system under basal condirions. A¡rows indicate each sucessive 0.5 cm
withdrawal of the LVP cannula. As the catheter was withd¡awn, LVP dropped in stages

until LVP was equal to or similar to [VCP, indicating that the tip had passed through an
hepatic venous resistance site.
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measurable pressure and is not measuring PVP via a static column of

blood.

3)

As the

catheter is withdrawn in 0.5 cm increments, the LVP atso drops in stages until the pressure

recorded is equal to or similar to

[VCP. This suggests that the catheter tip is passing

through a hepatic venous resistance site.

At this final point the cannula tip

has passed

beyond the hepatic venous resistance site and is measuring pressure from the large hepatic

veins which is equal to IVCP. The LVP cannula could then be re-inserted into the liver and

be shown to measure the same pressure recorded before the initial withdrawal. There is,
however, no assurance that the cannula entered the same hepatic vein as before thereby
precluding any type of paired statistical comparisons between the different profiles.
Hepatic venous profiles were measured under basal conditions in all groups to define

the hepatic venous resistance

sites and to determine

if

these sites were altered by bile duct-

ligation. The length over which the major pressure drop occurred in LVP during the profîle
and the percent

of the total pressure drop in LVP which occurred over this length was

determined. These profiles were also measured during an 8 Hz nerve stimulation of the
anterior plexus and during a constant infusion of norepinephrine (0.5 pg/kglmin) into the

portal vein, to determine

if

these stimuli altered the resistance sites

in the sham and

test

gloups.

Under basal conditions, the lengths of the resistance sites were significantly larger

in the 2L day test groups (n=19 values from 6

cats, 1.24

+ 0.I2 cm; range 0.5-2.0 cm)

compared to the sham (n=17 values from 6 cats, 0.85 + 0.09 cm; range 0.5-1.5 cm), 10 day

(n=9 values from 3 cats,0.83 + 0.19 cm; range 0.5-2.0 cm), and 1,4day test groups (n=13
values from

5 cats,0.J7 + 0.09 cm; range 0.5-1.5 cm). The percent of the total pressure
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drop

in LVF which occured over the length of these resistance

significantly in the

2I day test group (86.9 + 2.8Vo) compared

sites also increased

to the sham group (68.1 +

5.r7o), but not the 10 (14.7 + 0.677o) and 14 day rest groups (74.7 + 6.rvo).
Norepinephrine and 8 Hz nerve stimulation mildly increased the length

of

these

resistance sites in all experimental groups but these changes were not statistically significant.

The percent of the total pressure drop in LVP accounted for by these resistance sites were
unaltered by norepinephrine and nerve stimulation.

Fressure Measurements
Figure 29 details the basal FAP, PVP, and LVP for the four groups of cats (10 day
sham, 10 day test, 14 day test, and

2I

day test) measured before hepatic venous profiles.

Basal FAP was 87.3 + 3.3 mmHg. FAP for the 10, 14, and.2l day test gïoups was 80.6 +
3.3 mmHg,85.2 + 3.2 mmHg, and 90.1 + 3.7 mmHg, respectively, and was not significantly

different from the sham group or each other (figure 291t). This value for the sham FAP
was slightly lower than normal (100-120 mmHg) and may represent some influence of the

initial set-up surgery or possibly an underlying state of dehydration.
The mean PVP (6.0 + 0.4 mmHg) and LVP (5.8 + 0.5 mmHg) were not significantly

different in the sham animals (figures 298 and29C) andsupports previous fînd,ings from this

laboratory. In the 10 day group PVP and LVP were j.4 + 0.2 mmHg and 6.9 + 0.3 mmHg
(p=0.024), 14 day PVP and LVP were 6.1 + 0.6 mmHg and 5.4 + 0.7 mmHg (p=0.001), and

2r

day test group PVP and LVP were 9.5 + 0.3 mmHg and 7.8 + 0.3 mmHg (p<0.001). The

absolute levels of PVP and LVP did not rise significantly from the sham level in the 10 and
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Figure 29: Basai levels of femoral arterial pressure FAP, A), portal venous pressu.re (pyp,

B) and lobar venous pressure GVP, C) for the four groups of cats, sham-operated
(E

)'

(n),

10

14 ( S ), and 21 ( m ) days bile duct-ligation (CBDL). There was no significanr

difference in the FAP between any the groups of animals (unblocked. ANOVA). FAp in the
sham goup was, however, lower than normal arterial blood pressure. PVP and LVp were

significantly elevated from sham levels of these pressures only
(unblocked ANOVA).
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in the Zl day test Soup

14 day test groups (ANOVA), although there was a slight elevarion in PVP and LVp in the
10 day test group. By

2l

days, however, PVP and LVP had increased such that PVp was

significantly greater than rhe sham group þ<0.001), 10 day group (p<0.01) and 14 day
groups (p<0.001), and LVP was significantly larger than the sham group (p<0.05) and 14
day group (p<0.01).

It

should be noted that PVP in the

2l

day resr

$oup (9.5 mmHg) is

still within normal estimates of PVP. Thus, while PVP and LVP did rise in response to bile
duct-ligation they did not rise to pathological levels. CVP was unaffected by bile ductligation.

Pressure Gradients
Calculating the different pressure gradients between PVP, LVP, and IVCp gives us
a

relative indication of the degree of vascular resistance existing across the entire liver (pVp-

IVCP), and whether these resistances are presinusoidal (PVP-LVP) or postsinusoidal (LVp-

IVCP). The combined preacross the

and postsinusoidal gradients should equal the pressure grad,ient

liver ([PVP-LVP] + [LVP-IVCP] = [PVP-IVCP]). The PVP-ICVP gradient is of

special interest since elevations in this gradient correlate to the degree of pathology in portal
hypertension and cirrhosis more so than the actual rise or absolute value of
sets of pressure gradients

pVp.

The three

of each group of animals are presented. graphically in figure 30.

In sham animals, the PVP-tvcp (1.6 + 0.3 mmHg), pvp-Lvp (0.5 + 0.2 mmHg),
and LVP-IVCP gradients (1.0 + 0.3 mmHg) were quite small which is in accordance with
the low pressure4ow driving pressure vascular system constituting the hepatic portal venous

circulation under nolmal conditions.
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Figure 30: Basai hepatic pressure gradients calcuiated ft'om PVP, LVP and IVCP for sham
and test groups

(CBDL). PVP-ryCP

indicates the relarive resistance occurring over the

enti¡e liver, PVP-LVP indicates the extent of presinusoidal resistance and LVP-ryCP
indicates the relative resistance across the postsinusoidal sites. Accordin_e to these data, there

is a significant initial increase in the postsinusoidal resistance at 10 days, and a sma-il arnount

at 14 days post-ligation (increase in the PVP-ryCP and LVP-fVCP gradient). The rise in
postsinusoidai resistance fully accounts for the changes in PVP and LVP in the 10 and 14

day test groups. By

2I

days post-ligation, a small, but significant degree of presinusoidal

resistance has developed (increase in PVP-LVP gradient) and conn'ibutes to the rise in PVP,

but not LVP (see text).

?12

In the 10 day tesr group, PVP-IVCP (3.4 + 0.6 mmHg) and LVP-IVCP (2.8 +

0.6

mmHg) gradients were significantly increased from the sham levels. The PVP-LVP gradient

for the 10 day (0.6 + 0.2 mmHg) and 14 day resr groups (0.7 + 0.2 mmHg) were nor
significantly elevated from the level of the sham group (ANOVA). PVP-IVCP and LVP-

IVCP gradients in the 14 day test animals returned towards, and were not significantly
different from the sham gradients. However, all gradients were significantly elevated in the

2I

day test goups; PVP-IVCP had increased to 5.2 + 0.3 mmHg, the PVP-LVP gradient

increased to 7.7 + 0.3 mmHg and the LVP-IVCP gradient increased ro 3.5 + 0.2 mmHg.

The results detailed in figures 29 and 30 support previous findings that under basal
conditions the main site of resistance to portal blood flow is postsinusoidal. In the sham
group, postsinusoidal resistance accounted for 79.27o of the PVP-IVCP gradient (calculated

as LVP-IVCP gradient/PVP-IVCP gradient
accounted

for the remaining

20.8Vo

x 100). Presinusoidal

resistance therefore

of the PVP-IVCP gradient. At 21 days

however

presinusoidal resistance sta-rted to increase and the percent contribution of postsinusoidal
resistance to the PVP-ryCP gradient decreased to 67 .l7o þresinusoidal contribution therefore

increased to 32.9Vo). Thus, absolute values of PVP and LVP and the pressure gradient data
suggest that in this model of

liver disease, resistance to portal blood flow remains primarily

at the postsinusoidal sites, while resistance at presinusoidal sites increases gradually and
becomes significant lalger at27 days post-ligation.

Active Responses
The responsiveness of the arterial and portal venous vessels to sympathetic nerve

2t3

stimulation and norepinephrine infusion were assessed in all groups of animals. Pressures
were measured at the peak of their response and are summarized in tables 9 and 10. The
changes

in the pressul€

responses

for each group are illustrated in figures 314, 324,

and

334 and summa¡ized in tables 11 and 12.

Stimulation of the F{epatic Anterior lderve Flexus
The absolute change in FAP in response to nerve stimulation (figure 314, table 11)

for the three test groups were significantly

depressed compared

significantly different from each other. The

2l

to the sham but were not

day group appeared

to regain

some

responsiveness to nerve stimulation (figure 314, table 11).
The PVP response to nerve stimulation was also significantly depressed by bile duct-

ligation in the 10 and 14 day test groups compared to the sham group (table 9 and table 11,
figure 32^). By 2I days, however, the responsiveness of PVP returned towards normal and
the change in PVP to 8 Hz nerye stimulation was not signifïcantly different from the sham

group. The responsiveness of LVP to nerve stimulation paralleled the depressed sensitivity
of the PVP and arteriat responses (table 9). LVP in all test groups increased slightly during

the nerve stimulation, however, except for the 21 day group these elevations were not
significantly different from their pre-stimulation control levels. This finding is also reflected

in the change in LVP (table 11, figure 334). The change in LVP for the 10 and 14 day resr
$oups are significantly less than the change in LVP for the sham group. In the 21 day test
groups, the change in LVP returned towards, but, was still signifîcantly less than the change

in LVP in the sham group. Cenral venous pressure was unaffected by nerve stimulation.
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6.2 + 0.7

LVP (mmHg)

reported values are the mean + SEM. Pre-stimulation confrol values and. peak constriction values,
within each group, were
compared by paired analysis. Contol values were measured just prior to nerye stimulation and
are not the same values reported
for the basal data. * p<0.05; ** p<0.01; *r.*, p<0.001; NS, not significantly different from control.

All
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1,25.2

83.7 + 3.2

FAP (mmHg)

Peak responses of absolute femoral arterial pressure
GAP), portal venous pressure (pvp),
and lobar venous pressue (LVp), to 8 Hz nerve stimulation
in sham-operated and chronic bile duct-ligated cats
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5.9 +
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reported values are the mean + SEM. Pre-infusion conffol values and peak values, measured during
norepinephrine infusion,
within each group' were compared by paired analysis. Control values r¡/ere measured just prior to no."pin"phrine infusion
and are
not the same values reported for the basal data. Norepinephrine was administered as a constant infusion
into ìn" portal vein. *, n=3,
* p<0.05; ** p<0.01; *** p<0.001; NS, not significantly different
from conrrol.
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Day
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2l

(n=6)
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10 Day
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Shtun

XO

of absolute femoral arterial pressure GAP), portal venous pressure (pvp),
and lobar venous pressure (LVP), to a 0.5 Fg/kg/min norepinephrinõ infusion
into the portal vein in sham-operated and chronic bite duct-ligated cats
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Figure 31: Changes in femoral arterial pressrue (FAP) in sham-operared.
14

(N),

and 21

stimularion

(il)

21

([),

and 10 (E),

day bile duct-ligated. test animals (CBDL), in response ro 8 Hz nerye

(A) and 0.5 p/kg/min infusion of

norepinephrine into the porrât vein (B).

Ch¡onic bile duct-ligation significantly depressed the FAP response ro nerve stimularion in

all 3 test $oups (unblocked ANOVA), but had. no effecr on norepinephrine-induced FAp
responses.
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32: changes in portal venous

and 21

(U)

DAYS CEOL

pressure

€vp) in sham-operated. (n),

and 10 (m), 14

day bile duct-ligated test animals (CBDL), in response to an 8 Hz newe

srimularion (A) and 0.5 pgiklrnin infusion of norepinephrine into the portal vein
G).
Responses to nerve stimulation were significantiy d.epressed in the 10 and 14 day tesr groups.

By 2I days post-ligation, PVP responses had panially rerurned and were not statistically
different from the sham responses. PVP responses to norepinephrine (B), were unaffected

by biliary obstructíon in the 10 and 14 day test groups, but displayed a significantly
potentiated response in the

2l

day test group.
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Figure 33: Cha¡-ees in loba¡ venous pressure (PVP) in sham-operared

(N),

and

2i (m) day bile duct-ligated test animals (CBDL),

(n),

and 10 (H), 14

in response to an 8 Hz nerve

srimularion (A) and 0.5 pgiky'nin infusion of norepinephrine into the porral vein (B). Like

FAP and PVP responses, LVP responses to nerve stimulation were significantly depressed

in the 10, 14 and 21 day

test

goups. Unlike the PVP responses, the LVP

make a significant recovery in the

2l

responses did not

day test group, suggestive of a prolonged, functional,

postsinusoidal lesion. LVP responses to norepinephrine were also unaffected in the 10 and

14 day test groups, but demonstrated a potentiated response
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i¡ the 21 day test group.
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Values for the changes in femoral arterial pressure (FAP), portal venous pressure eVP),
and lobar venous pressule (LVP), in response to 8 Hz frequency nerye stimulation
in sham-operated and chronic bile duct-ligated cats
FAP
(mmHg)

PVP
(mmHg)

(mmHg)

47.6+11.4

4.2+1.1

2.5+0.7

(n=4)

L0.4+3.2.

I.t+0.7"

0.610.3-

L4

Day (n=6)

11.8f6.3.

1.8+0.4.

0.4+0.4**

2l

Day (n=8)

L6.9+4.1.

3.010.5

1.0+0.4-

Sham (n=9)

i0 Day

LVP

reported values ale the mean t SEM. Values for the sham, 10, 14, and 27 day test
gloups, for each parameter, were compared by unblocked ANOVA and statistical
significance is noted for the test group compared to the sham group. There were no
significant difference between the 10, 14, and2L day groups for any parameter. *, p<0.05;
..,
P<o.oo1.

All
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TABLE

12

Values for the changes in femoral arterial pressure (FAP), poftal venous presstue eVP),
and lobar venous pressrrre (LVP), in response to a 0.5 pg/kg/rnLn norepinephrine infusion
into the portal vein in sham-operated and chronic bite duct-ligated cats
FAP
(mmHg)

PVP
(mmHg)

(mmHg)

Sham (n=5)

34.1+8.1

2.7*0.3

1.4+0.03Õ

10 Day (n=4)

25.815.8

2.9t0.4

1.3+0.4

14 Day (n=6)

23.9t4.4

2.6+0.4

1.3r0.4

12 Day (n=8)

33.9t4.6

5.1+0.6."

2.8f0.5.ß

LVP

reported values are the mean t SEM. Values for the sham, 10, 14, and 2I day test
groups, for each parameter, ,evere compared by unblocked ANOVA and statistical
significance is noted for the test group compared to the sham group. *, p<0.05; o,
significantly gre-ater than sham, 10 and 14 day groups; ß, significantly greater than 10 and
14 day goups; Õ, n:3.

All
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EffecÉ of Exogenous Nonepinephnine

Unlike the nerve stimulation responses, the responsiveness of FAP, PVP, and LVP

to norepinephrine was not depressed as a result of bile duct-ligation. The peak

pressure

values are detailed in table 10 and the changes in pressures are reported in table 12. These
responses are also illushated in figures

3tB,328, and 338. The change in FAP responses

for the test groups were not significantly different from the sham group and in all cases the
peak FAP was significantiy different from the pre-stimulation control values.

Sensitivity of the portal venous system to norepinephrine, represented by the change

in PVP and LVP, was also not depressed

as a result

of bile duct-ligation (table 10 and

12,

figures 328 and 338). While the change in PVP and LVP were not significantly different

from the respective sham groups in the 10 and 14 day test groups, the

2I

day test gloup

appeared to be supersensitive to the effects of exogenous norepinephrine. The change in

PVP doubled from 2.7 + 0.3 mmHg in the sham group, to 5.1

t

0.6 mmHg in the

2I

day

group in response to the same dose of norepinephrine and was significantly larger than the
sham, 10 and 14 day test group responses. The change in LVP also doubled from 1.4 + 0.03

mmHg in the sham group to 2.8 + 0.8 mmHg in the 27 day test group and this change was
significant from the 10 and 74 day groups but not the sham group. It, therefore, appears that

bile duct-ligation is affecting some aspect of the sympathetic system or hepatic vasculature

such that nerye responses are initially impaired but appear
supersensitivity to exogenous norepinephrine develops by 21 days.
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to

regenerate and

a

Correlations Betweera Serun¡ tsiochernistries and F{ernodynarnic Fararneûens
Correlations were conducted between the plasma biochemical findings and
hemodynamic parameters of FAP, PVP, LVP, and the pressure gradients PVP-ICVP, LVP-

IVCP, and PVP-LVP, to determine if there were signifrcant relationships between the plasma
biochemisries and the vascular disruptions. Although there were significant elevations in

the serological indices of liver damage, these values did not correlate with any of

the

pressures or pressure gradients.

InspecfÍon of Interna[ Organs
Upon completion of the experiments, the heart, kidneys, and liver of each cat were
removed, blotted dry, and weighed. The mean weight of the heart from the sham,

I0, 14,

and21. day test groups were7.92 + 0.53 g,7.50 +0.43 g,7.59 + 0.52 g and 7.28 +0.76 g,

respectively, and were not significantly affected by bile duct-ligation. Kidney weights were
also unaffected by bile duct-ligation. Sham-operated animals had an average single kidney

weight of 13.47 + 1.27 g, 10 day tests were L2.86 + 1.77 g, 14 day tesrs were 15.78 +
g, a¡¿

2l

day kidneys weighed 13.77

1.3

+ I.75 g. Kidneys from the test animals did, however,

gain a greenish-yellow coloration with some kidneys possessing dark green localized
blotching on the surface which tanscended through to the medullary region. No other signs

of disease or pathology were observed.
Absolute liver weight and the percent of total body weight accounted for by the liver

in all three test groups were significantly larger from the sham group and are listed in table
13. Liver weight and the percent of body weight were maximal in the 14 day group. The
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2I

day group liver weight and the percent of body weight value decreased stightly but were

not significantly different from the 14 day group. This data suggests that there may have
been a duration-dependent effect of bile duct-ligation on the liver that peaked at 14 days and

possibly began a recuperation to some extent (although not significantly) by 21 days.
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f3

Liver weights" and percentage of body weight for
sham-operated, 10, 14, and 2l day chronic bile ducrligated cats

Liver Weight (e)

Vo

of Body Weight

Sham (n=9)

71.8t3.7

2.3010.18

i0 Day (n=8)

98.4+6.5"

3.20+0.17.

t4 Day (n=7)

Lr4.gt7.O""

3.62t0.23..

2L Day (n=6)

104.5+4.5'

3.t9t0.40-

A1l reported values arc the mean t SEM. 7o of body weight was calculated as (liver
weight/body weight) x I007o. Statistical comparisons between the sham, 70,14, and,21 day
test goups were by unblocked ANOVA. Søtistical significance is noted for the test group
compared to the sham group. There were no significant difference between the 10, 14, and
27 day groups. o, livet was weighed only after the acute experiments. ., <0.05; .., P<0.001.
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T}TSCIJSSTON

Chronic bile duct-ligation (CBDL) in experimental animals has been charactenzed

as a model of portal hypertension (PHT) in the dog by Bosch et al. (1983).
investigation, dogs were reported

In

this

to have liver cirrhosis, systemic hypotension and a

significant degree of portal-systemic shunting, an etiology closely resembling that of cirrhosis
and PHT in man. Another finding in experimental animals with liver disease and PHT is
a reduced end-organ responsiveness to norepinephrine (reviewed by Bomzon, 1990). This

is, however, a controversial issue, with reports of normal, potentiated and diminished
vascular reactivity from a variety of vessels from different species. Part of the confusion
exists due to comparisons of vascular reactivity from animals with varying periods of biliary

obsÍuction.
Traditionally, CBDL has been conducted in dogs and rats. The cat has been used to
study the serological effects of obstructive jaundice, but nothing is known about the effects

of total biliary occlusion on the hepatic circulation in this species. Thus the main objective
of this investigation was to deærmine whether CBDL could produce PHT and be an effective
and acceptable research model of PHT in the cat over a 3 week period. Another objective

of this study was to identify the sites of increased vascular resistance within the hepatic
vasculature. A final objective was to assess the vascular reactivity of the portal and hepatic
venous vascular beds in response to infused norepinephrine and direct electrical stimulation

of the hepatic anterior nerve plexus. It was also of interest to re-assess the serological and
histological changes occuning over the 3 week period of biliary obstruction.
Because this was an initial investigation, blood flows were not measured. By
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measuring PVP and inrahepatic pressure (I-VP),

it

was possible to identify the general

location of changes in resistance occurring in the hepatic vascular bed without calculating
the actual resistance. Moreover, by avoiding the extra surgery involved with measuring
blood flow, the animals were subjected to less surgical fauma.

In this study, PVP and LVP were significantly elevated alter 2l days of complete
bitiary obstruction, but were still within the normal range for these presstues; PHT did not
develop over this period. These animals did, however, show signs of hepatic dysfunction,
severe disruptions

of normal liver structure and architecture, and a selective impairment of

hepatic neural functions. These animals also demonsffated features often associated with
PHT, such as a reduced vascular reactivity to nerve stimulation, despite the absence of PHT.

At the

same time, however, a potentiated vascular reactivity to norepinephrine occurred.

Thus, although PHT did not occur, an intriguing set
cardiovascular lesions developed, which

will

of

serological, histological and

be addressed in the following discussion.

Serological and HistologÍcal Alteratíons
The elevation of the standard serological indices of liver damage, ALT, AST, GGTP,

alkaline phosphatase and cholesterol in the test animals is consistent with the development

of liver injury and biliary tract hyperplasia. The elevated levels of these enzymes in the test
animals were in excellent agreement with previously published values for cats that underwent

biliary obstruction (Center et a1., 1983). The enzymes, however, are not sensitive indicators
of liver damage and ate used clinically to indicate primarily the presence, not necessarily the
degree of damage. Moreover, these enzymes are not necessarily specific for liver damage

227

and become elevated upon muscle and bone injury (Mclntyre, 1983).

Direct and total bilirubin were significantly elevated in each test goup compared to
the sham-operaûed animals, but levels were not different between the test groups. Bilirubin

levels had, therefore, reached a plateau level within the fust 10 days after bile duct-ligation.
Glucose levels were found to be significantly greater in all post-ligation test plasma
samples (taken on the day of acute experimentation) including that for the sham-operated
cats, which were, in fact, the highest levels recorded.

It is possible that this may represent

a sfress-induced hyperglycemic response caused by the acute experimental surgery since
these blood samples were taken from an indwelling cannula rather than from a veno-puncture

technique used in the initial ligation or sham surgery.

It is also an interesting

observation

that the elevated glucose levels recorded in the post-ligation test samples progressively
declined from the sham-operated group (highest) to the

2l

day test

goup (lowest) suggesting

that this hyperglycemic response rnay also be undergoing a time-dependent impairment.

It

is known that patients with cirhosis have impaired gluco-regulatory functions possibly due
to insulin and glucagon resistance (Yeung and Wang, L974; Silva et al., 1988). The causes

of

these resistances is not known, but glucagon and insulin binding have been reported to

be decreased in bile duct-ligated rats (Sakai, 1,992). In a recent publication by Iæe et al.

(I992a), an absence of hepatic parenchymal nerves in cirhotic human livers and a reduced
innervation in pre-cirrhotic livers was found. It is reasonable to surmise that a dysfunctional
or diminished hepatic nervous system may play a role in the disrupted glucose metabolism.
Progressive parenchymal cell injury under conditions

of CBDL may also account for

the

observed decline in the glucose response. Indeed, the serological data indicate that CBDL
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is capable of producing liver dysfunction.

The histological changes in the livers of the test animals are consistent with those
reported by other investigators (Bosch et al., 1983; Del Rio Lozana and Andrews, 1965).

Although CBDL is capable of producing liver cirrhosis, histological evidence from this
investigation suggests that the test animals were in a pre-cirrhotic state, evidenced by the

lack of nodule formation (Sherlock, 1989). Extensive collagenization and fibrogenesis
around the dilated, hypertrophied and hyperplastic bile ducts was evident, even in the 10 day
test

$oup. Qualitative

Íiads in the early
fibrosis in the

2l

assessment did indicate that fibrosis tended to be localized to portal

stages

of obstuction and advanced to bridging and extensive interlobular

day group. Because the hepatic injury was not quantitated,

determined statistically

it

was not

if the fibrosis and structural damage was a time-dependent

phenomenon, although this type of pathology is clearly of a progressive

nature. Thus, the

serological and histological data indicate that in the cat, CBDL causes a rapid and extensive
degree of hepatic sffuctural and parenchymal damage that is comparable to that reported for

dogs, rats and man with biliary obstruction. Furthermore, the hepatic insult

is

well

developed by 10 days post-ligation although by 3 weeks the test animals were still in a pre-

cirrhotic stage of pathology.

Ðffect of CEDL on the F{epatic and Systemic Vasculature

a) trffect on Basal Fortal and Ï-obar
In normal

tslood Fressures

animals under basal conditions, PVP and LVP are not significantly

different from each other, implying that the major site of resistance to portal and hepatic
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blood flow is at a postsinusoidal site and that presinusoidal resistance is negligible (Lautt et
at., 1986). Measurements of PVP and LVP in the sham-operated group (figures 28,29b and

29c) and calculation of the relative contribution of postsinusoidal resistance to the overall
trans-hepatic pressrue gradient Q9.zEo)

fully support this concept.

CBDL caused the basal PVP and LVP to rise in somewhat of a time-dependent
manner although only the 21 day test goup had pressures significantly raised above the
sham-operated group. Because LVP is a measure of intrahepatic pressure rather than PVP

(Lautt et al., 1986; Legare and Lautt, 1987), it is possible to determine whether the increased
resistance within the hepatic vascular bed

is pre- or postsinusoidal. Changes in LVP

paralleled those of PVP with no change in the PVP-LVP gradient for the 10 and 14 day test
gxoups (figure

30). Thus, the changes in PVP could be fully accounted for by the changes

in LVP, suggesting that the majority of the change in vascular

resistance to portal and

hepatic blood flow was taking place at a postsinusoidal site. CBDL increased presinusoidal
resistance in the 21 day test group, indicated by a significant increase in PVP over LVP, and

the relative conribution of presinusoidal resistance to the ffans-hepatic pressure gradient
increasing to 32.9Vo. This is best illustrated by the PVP-LVP gradient depicted in fîgure 30.

Thus, this model of CBDL develops an initial increase in resistance at a postsinusoidal site,

followed by an increase in the presinusoidal component. Postsinusoidal resisønce still
constitutes the major site of resistance to portal and hepatic blood

flow.

Other investigators

have reported postsinusoidal (Lebrec et a1., I976;Frcnco et al., 7979; Bosch et al., 1983) and

presinusoidal (Sherlock, 1959; Trams and Symeonidis, 1957) sites of increased resistance in
humans with primary biliary cirrhosis and in experimental animals with biliary obstruction.
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The mechanisms by which resistance increases in the liver has been a matter of
debate. It was previously believed that the increase in intrahepatic resistance in ci¡rhosis was
due to the increase in fibrosis and nodule formation (Popper and Zak, 1958). This theory
has not been suppofted by the empirical daø (Læbrec et al., 1,976; Sherlock et a1., 1959).

PVP has also not correlated with the degree of fibrosis (Krogsgaard et al., 1,984). Orrego
et al. (1981) and Blendis et al. (L982), support the concept that enlarged hepatocyte sruface
area is the cause of infahepatic resistance and

PHT. It must

be emphasized that, despite the

large degree of portal tract fibrosis incured by the test animals, PVP was only 9.5 + 0.3

mmHg in the 21 day test group, a value which is still within the normal range for PVP.

Although fibrosis was not quantiøted

in this

study, the PVP data from the curent

investigation would tend to support the finding by Krogsaard et al. (1984) that heparic
fibrosis does not correlate well with the elevation of PVP. This does not imply that the
collagenization and fibrosis had no influence on intrahepatic resistance. Portal and hepatic
veins were found to be fibrosed and the postsinusoidal resistance sites were lengthened in
the 27 day test animals. It is possible that these events may have contributed to the rise in

pre- and postsinusoidal resistance by altering the distensibility of the resistance sites and
impairing the ability of the liver to autoregulate PVP and LVP. Ir should also be noted that

in a recent study from our laboratory, hepatic venous compliance was not altered after 2
weeks of complete biliary obstruction (Schafer et a1., submitted).
The fluctuation in PVP and LVP between the 10 and 14 day test animals is diffîcult

to explain, but may simply be due to tansient changes taking place in the sinusoids or
parenchyma, such as inflammatory responses which were noted in the histological analysis

23r

of these animals. This early stage after bile duct-ligation has been referred to as a "volatile"
stage since these animals are undergoing many simultaneous changes

in their cardiovascular

system, making this a difficult period to assess (Bomzon and Blendis, 1990).

The hepatic venous pressure gradient (HVPG), calculated as the difference between
PVP and the inferior vena caval pressure (IVCP) has been a poorly reported pressure index

in most studies of experimental PHT. This is surprising since the HVPG is as important

as

the measurement of PVP when determining the severity of PHT. In humans, an IIVPG of
10 mmHg is considered necessary for variceal development (Sherlock, 1989) and a gradient

of

12 mmHg or greater is considered tife-threatening due to the distinct possibility of

variceal rupture (Bosch et al., 1989). The peak I{VPG measured in this investigation
averaged 5.2 + 0.3 mmHg in the

2l day group, having increased significantly from 1.6 + 0.3

mmHg in the sham-operated group. Bosch et at. (1983), reported an average TIVPG of
mmHg in CBDL dogs after 8 weeks of obstruction.

It is possible that if

11

the duration of

obstruction had been extended in this study, greater elevations in PVP and HVPG may have

occurred. Other studies of CBDL of comparable or longer duration in the dog and rat have
reported PVP in the range

of

13 to 17 mmHg (Ohlsson et al., 1970a; Franco er al., 1979;

Bosch et a1., 1983), although Mathie et at. (1988) recorded a peak PVP of only 6.4 mmHg
after 2 weeks of CBDL in greyhounds. According to Bomzon and Blendis (1990), PVP in

the dog may still be within normal ranges after 3 weeks of biliary obsffuction, after which

it

may begin to

rise.

However, by 3 weeks post-ligation, the clinical condition of the

animals in this investigation were becoming quite severe, despite a rigorous maintenance

protocol. Indeed, there were also animals in the L4 day test $oup whose condition had
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severely deterioraæd.

It

was mutually agreed upon by all parties involved

in

this

investigation that prolongation of biliary obstruction past 3 weeks would be unethical. Thus,

the clear conclusion from the venous pressure measurements is that, despite statistically
significant elevations in PVP and the HVPG, PHT had not developed by the third week of
complete biliary obstruction.

b)

Effect on Basal Systemic A.rteriaå tslood Fressure

It has been reported that systemic arterial pressure may be reduced in animals with
PHT (Bomzon and Blendis, 1990) and cholemia (Green et al., L984), but this is nor
definitive. The hypothesis most commonly cited to explain the reduced vascular tone

and

blood pressure is the development of a hyperdynamic circulation caused by an increase in
the concentration of a circulating dilator substance that can antagonize endogenous pressor
agents or reflexes. Glucagon has been viewed as the most

likely candidate substance for this

theory @enoit et al., 1986).
Arterial pressure in all 3 groups of test animals was reduced in this study. Aterial
pressure in the sham-operated group was unexpectedly reduced below normal levels (100-120

mmHg) and was not significantly different from the test groups. These data strongly suggest
that some aspect of the protocol, unrelated to biliary obstruction, was capable of producing
arterial hypotension in the sham-operated group and possibly affected the test goups as well.

It is possible that some aspect of the initial (set-up) or acute experimental

surgery was

involved. Pentobalbital anesthesia is known to have hypotensive effects which might
enhanced

be

in animals with liver damage. However, the amount of anesthetic administered
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during the acute experimental surgery was tailored to ttre needs of the individual animal and,
fherefore, the depth of anesthesia throughout the experiments was consistent between the
sham-operated and test animals. The experimenter was also well experienced with using

pentobarbital and neither sham-operated animals nor test animals were overdosed with
anesthetic.

Dehydration may have contributed to the hypotension in the test a¡rd sham-operated

animals. Cholemia is known to induce a diuresis that can lead to volume depletion (Green
et al., 1984). Most test animals displayed some degree of dehydration and, although they
were ffeated with subcutaneous fluid supplements, many animals remained dehydrated. This

mechanism cannot explain the hypotension occurring

in the

sham-operated animals, and

therefore, this group may have suffered from a reduced fluid intake during the 10 day
recovery period.

Effect of CtsDL on Vascular R.esponses

Éo

Syrnpathetic StimulatÍon

The dose of norepinephrine used in this investigation (0.5 pg/kglmin) is equal to the
EDo, for the change in portal venous resistance. This estimate was derived from a previous

study that used nonlinear regression to calculate the pharmacodynamic estimates of Rmax
and the EDro for the change in portal venous resistance in response to norepinephrine (Lautt

and Legare, 1991). Nerve frequency-response data for portal venous resistance is not

available. However, the 8 Hz frequency stimulation - equivalent to a Hzro in the superior
mesenteric artery (-ockhart et a1., 1988) - was used to improve the chance of producing a
detectable response

if CBDL severely inhibited the nerve-induced responses. Thus, by using
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the 0.5 Fglkg/nú dose of norepinephrine and the

I

Hz frequency nerve stimulation in att

animals, conclusions can be drawn with reasonable certainty, regarding the effect of CBDL

in the hepatic vascular bed.
CBDL produced a selective inhibition of the nerve-mediated constrictions in the
hepatic venous bed @VP and LVP responses) and was reflected
responses

in the systemic

arterial

GAP responses; figures 31, 32, 33), despite PHT not being present.

responses were affected most profoundly in the 10 day test gloup

These

for all pressures recorded,

and appeared to undergo a time-dependent or partial compensation. This was most evident

for the PVP responses in the 2I day test group. Impairment of the PVP responses initially
affected both the pre- and postsinusoidal resistance sites, but a compensatory process
appeared to occur at the presinusoidal sites, evidenced by a progressive return

LVP gradient

responses towards the conffol responses,

of the PVP-

while the LVP-IVCP gradient

reactivity remained impaired (figures 30,32A and 334).
FAP, PVP and LVP responses to norepinephrine, on the other hand, remained intact

in all test groups. The PVP and LVP

responses to the EDo, dose

of norepinephrine in

the

10 and 1'4 day test groups were not significantly different from the responses in the shamoperated group. Thus it is possible to conclude that the potency of norepinephrine in these
test animals was not affected by CBDL. PVP and LVP rcsponses demonsffated a potentiated

response

in

the 27 day test animals which was consistent with the timing

of

the

compensatory process for the nerve-mediated responses. These results also indicate that the

CBDl-induced impairment of the responses in this investigation is related primarily to the
hepatic nerves, rather than the hepatic or systemic vasculature.
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The reduced reactivity of the systemic arterial circuit to the nerve-mediated responses

is most likely related to a blunted constrictor response in the hepatic arterial circuit or in the

hepatic capacitance vessels, resulting

in

less blood flow redistribution or blood volume

mobilization into the arterial circuit during nerve stimulation. This is consistent with the

findings of Aarseth et al. (1979), who reported a significantly reduced redistribution of
splanchnic blood volume after a small (l\Vo) hemorrhage in 7 day bile-duct ligated rats.
Other investigators have found impaired blood volume responses in rats (Findberg et al.,

1982) and dogs @illiams

et al., 1960) subjected to biliary obstruction. A

investigation from this laboratory found that

in L4 day CBDL

recent

cats, hepatic blood volume

compensation for hemorrhage was reduced by approximately 507o (Schafer et a1., submitted).

This same study also revealed a selective impairment of nerve-mediated hepatic blood
volume responses, with exogenous norepinephrine-induced responses remaining intact,

a

finding that is consistent with the data from the present investigation.
There are many possible explanations for the diminished nerve-mediated responses.

Cholemia has long been know to have detrimental effects on the cardiovascular system

flVilliams et al., 1960; Aarseth et al., 1979; Findberg et aI., 1981, 1982; Green er al., 1986;
Blendis and Bomzon, 1990) but the mechanisms have not been well understood. It is known
that bilirubin and bile salts are capable of disrupting cellular and subcellular membranes, and
have deleterious effects on normal membrane function and structure (Zntterstom and Ernster,

L956; Yamamoto et al., 1978; Kanai et al., 1,99I). Various receptor types have also been
shown to be affected under conditions of elevated bilirubin. Lee et al. (1990) reported. a

functional impairment of cardiac chronotropic responses resulting from a reduction in ß,-
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adrenergic receptors in bile-duct ligated rats. Likewise the Bmax for hepatic parenchymal
crr-adrenergic receptors has been reported to be significantly reduced

2

days after bitiary

obsfluction in rats (Aggerbeck et aJ., 1983). However, the fact that norepinephrine-induced
responses

in the current study were fully intact intimates that the vascular smooth muscle

was not influenced significantly by cholemia, per

se. This strongly points to other

mechanisms to explain the diminished reactivity to nerve stimulation.

Stuctural changes within the liver, as a basis for the selective impairment of nervemediated responses, merits consideration. The rapid enlargement of the portal and hepatic

veins and the proliferation of ductular tissue may have expanded the area and mass of these
regions, such that the number of receptors relative to the tissue mass was reduced. A similar

hypothesis was suggested by Jensen et al. (1987) to account

isoproterenol and serotonin

in

for the red.uced effects of

enlarged mesenteric and esophageal veins from potral

hypertensive rabbits. In other studies, norepinephrine-induced hepatic capacitance responses
remained intact while nerve-mediated responses were significantly blunted in normal animals

with acutely raised hepatic venous pressure (Lautt et al., 1980; Greenway, 1981,

1987).

According to Greenway (L987), distension of the liver (as a result of the elevated venous
pressure) may alter the anatomical relationship between the sympathetic nerve varicosities
and the smooth muscle and\or the amount of norepinephrine released at the these sites. LVP

(intrahepatic pressure) and IVCP, however, were not raised above normal levels, thereby
excluding elevated pressure, per se, as a cause of the observed neural lesion. Distension and
enlargement of the test livers did occur in the present study, as detected by a congested
appeamnce, rounded lobe edges and a significant increase
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in liver weight (calculated

as

absolute and 7o of total body weight). There is also neurohistochemical evidence suggesting
that sympathetic and cholinergic neurons are absent in the liver 4 days after bile duct-ligation

in the guinea pig (Ungvary and Donath,1975). However, by 14 days
again be demonstrated in expanded interlobular connective tissue.
be extrapolated to the cat,

If

these neurons could

this phenomenon can

it may explain, not only the diminished nerve-mediated responses,

but also the regeneration of these responses, particularly for PVP. lVhether innervation of
the hepatic venous sphincters is permanently affected is not certain, but clearly there was a
prolonged functional lesion occurring in the LVP responses.

The cause of the enhanced potency of norepinephrine in the 21, day test animals is
not clear. CBDL may have caused a supersensitivity of o-adrenergic receptors, possibly by
a decreased hepatic cleara¡rce

of an unknown substance. Alternatively, up-regulation of these

receptors on hepatic vascular smooth muscle, in response to the initial disappearance of the

hepatic nerves or expansion of the portal tract tissue, could possibly explain the temporal
sequence of events culminating in the potentiated norepinephrine responses. This, however,

is highly speculative. Furthermore,
consistent finding

elevated levels

of circulating

norepinephrine

in patients and experimental animals with PHT and cirrhosis.

is

a

The

increased norepinephrine, in theory, would tend to produce a down-regulation of adrenergic

receptors. However, whether the levels of this amine were high enough to produce receptor
down-regulation alter

2l

days is not known and is not consistent with the results from this

study. The poæntiated reactivity of the hepatic vasculature does not necessarily represent
the final state of these vessels or that of the systemic arterial vessels. It is very possible that

with prolongation of the cholestasis and increases in hepatic injury, further alteration may
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ocçrr in the reactivity of these vessels.

A final comment on the development of this model is required. Of the numerous
studies using CBDL as a model of cirrhosis, obstructive jaundice or PHT, very little is
reported about the clinical condition of the animals and whether any measures were taken

to maintain their health. In this investigation, medical attention required by the cats was
dealt with promptly and animals were maintained and monitored on a daily basis (exercise
and play, grooming, housing,

diet). Whether our efforts to maintain the health of the

cats

was responsible for the absence of PHT is not easily determined. Nevertheless, CBDL still
severely affected the clinical condition of several animals in the L4

andZl day test groups.

It is possible that the cat is especially sensitive to this type of pathology, but it is surprising
that dogs have been able to withstand the prolonged exposure to biliary obstruction that have

been reported (3-6 months).

It is very likely that of the few animals that survive

the

duration, they are moribund. The data from this investigation indicate that a 3 week duration

of CBDL in the cat is not an effective model of PHT, and exposing experimental animals

to long periods of CBDL and the ensuing discomfort is unnecessary. In my

opinion,

findings from this study also raise questions about the validity of the results from previous
investigations of this nature, due to the possible condition of the animals.

It is interesting,

holvever, that despite the absence of PHT, cardiovascular complications often associated with

PHT were observed. Moreover, these effects appear to be most profound in the early stâges

of CBDL (10 days after obstruction), when the physical condition of the animals has not yet
deteriorated.
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S{JMMAR,Y
In summary, a21 day duration of CBDL did not produce PHT in cats, although basal
PVP, LVP and the HVPG were significantly elevated from levels in the sham-operated cats.
These pressures may have reached pathological levels by extending the duration of CBDL,
but it was the opinion of the all the investigators involved that this would subject the animals
to unnecessary suffering. CBDL did produced liver injury and dysfunction in all test animals

and severe wasting in a number of cats exposed to 14 and

A

2l days of biliary obstruction.

selective impairment of the hepatic nerves was observed, although this lesion may have

been only fransient.

It is of interest, however, that the development of extensive fibrosis,

moryhological disruptions and biochemical dysfunction occurred in the absence of greatly
elevated hepatic vascular resistance. Nevertheless, the conclusion from this investigation is

that CBDL in the cat is not an effective model of PHT, but

it

may be useful for the

investigation of the neural dysfunction and fibrogenesis associated with short term (10 day)

biliary obsffuction.
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GENERAT- SLIMM.ER.Y

The studies presented in this thesis addressed several aspects of the hepatic and
mesenteric vascular bed. Using glucagon as a research tool in the initial investigations, nerv

methodologies were developed for the investigation

of the pharmacology of the

hepatic

vascular bed. Using these new æchniques, the pharmacodynamic estimates of Rmax and
EDro

for glucagon in the hepatic artery were determined for the fust time without

the

confounding influence of the hepatic arterial buffer response. By conducting comparative
studies

in the mesenteric

vascular bed,

it

was determined that the hepatic artery was

approximately 9 times more sensitive to glucagon, whereas the maximum dilation in the
mesenteric artery, in response to glucagon, was double that of the hepatic artery.

Having assessed the pharmacology of glucagon in these two vascular beds, functional
aspects

of this agent in the vascular system could be addressed. In particular, the effect of

glucagon on the regulatory systems

of the hepatic and

mesenteric vascular beds were

investigated. Glucagon was without effect on the adenosine-mediaúed, intrinsic regulatory
mechanism of the HA, the hepatic arterial buffer response. Thus, glucagon can be used in

futwe pharmacological studies in this vessel without interfering with this contol system.

In respect to the extrinsic control system of the hepatic and mesenteric arterial

vessels

(neural and humoral), glucagon was not found to be an inhibitory modulator of nerve- and
norepinephrine-induced peak constrictor responses in either arterial vascular bed, which is

in contrast to previous reports. Furthemore, it is highty unlikely that this peptide has any
significant vascular effects at physiological or even pathophysiotogical levels. Interestingly,

although glucagon had very little or no effect on the peak constrictor response,
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it

did

significantly inhibit the vascular escape response from peak constriction in the hepatic artery

in a dose-dependent manner and at a post-synaptic siæ. By virrue of the fact that this effect

of glucagon was not present in the mesenteric vasculature, it suggests that the actions of
glucagon on the hepatic artery may be related to a glucagon-liver interaction whereby the

liver releases an inhibitory factor or modifies the blood in a manner capable of inhibiting
vascular escape.

In the vascular escape studies, it was also deærmined that conductance was superior
to resistance as an index of vascular tone with which to quantitate the escape phenomenon

in arterial vessels, in vivo. This stems from the linear relationship between conduct¿nce and
blood flow and the ability to carry out mathematical manipulation of the conductance data.

The exponential relationship between resistance and blood flow does not permit

such

manipulation of the data. Attempts to carry out simple arithmetic functions using resistance,
such as vascular escape indexes, was shown to innoduce errors into the calculated values,

which may be a cause of some of the discrepancies found in previous investigations.

In the final research

series, the aim

of the investigation was to study the portal

and

hepatic venous system of the liver, rather than the arterial vasculature (ie., the hepatic

artery). To this end, the technique of chronic bile duct-ligation (CBDL) was assessed as a
model of portal hypefrension (PHÐ in the cat, and investigated as to the possible mechanism

by which this pathology may develop. In short, CBDL did not produce PHT after

a2I

day

period of total biliary obstruction. Portal and intrahepatic venous pressures (PVP and LVP)

were elevated at this point, but not to pathological levels. CBDL did produce major
structural disturbances of the hepatic architecture as well as biliary hyperplasia and severe
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collagenization of the portal triad regions.

CBDL produced a selective impairment of the nerve-induced constrictor responses

of the portal and hepatic venous resist¿nce sites. That is, vascular reactivity of the portal
and hepatic venous resistance sites to nerve stimulation was severely depressed although

portal venous reactivity (but not hepatic venous) underwent a partial compensatory or
regenerative process. Portal and hepatic venous responses to infused norepinephrine were

potentiated afær 3 weeks of CBDL. Thus, CBDL was not an effective means of producing

portal hypertension in the

cat.

This technique does, however, produce some of the

caldiovascular complications associated with chronic liver disease and PHT, despite the
absence

of greatly elevated hepatic vascular

resistance.
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