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Abstract

Altered blood flow to the foot contributes to the syndrome of laminitis, an important
cause of lameness in domestic ungulates. Factors such as vasoconstriction, arterio-
venous shunting and microthrombosis are believed to reduce perfusion within the
hoof leading to ischaemic tissue damage. Endothelium-derived mediators, such as
nitric oxide and prostacyclin, have a key role in the modulation of local vascular
tone and alterations in the production of these agents could contribute to the
vascular derangements observed in laminitis.

In this study, the sheep was used as a model for both equine and bovine laminitis.
The responses of isolated ovine digital arteries to vasoconstrictor and vasodilator
agents were studied in vitro and the effects of endothelium-removal, nitric oxide
synthase inhibition and/or cyclooxygenase inhibition were studied. The response to
phenylephrine, an o,-adrenergic agonist, was found to be modulated by vasodilatory
prostanoids, whilst relaxation to bradykinin was mediated by a combination of
endothelium-derived nitric oxide and prostanoids. Both endotoxin and cytokines
have been implicated in the pathogenesis of laminitis, therefore digital artery
vascular responses were also examined following a 6 or 16 hour incubation with
these agents. Incubation with endotoxin did not significantly alter the dose-response
curves to phenylephrine or bradykinin. However, incubation for 6 hours with
interferon-y and tumour necrosis factor-o did significantly increase the maximum
relaxation to bradykinin. Furthermore, a 16 hour incubation with interferon-y,
interleukin 1-B and tumour necrosis factor-a significantly increased the ECs, of the
response to phenylephrine, i.e. decreased the sensitivity to this vasoconstrictor.
Thus, the vascular responsiveness of ovine digital arteries may be altered by

cytokines in vitro and further work is needed to determine the mechanism of these
alterations.

The second part of this project sought to evaluate limb blood flow in the live animal,
thereby allowing for the influence of the hoof. The shape of the velocity-time
waveform of an artery changes in response to alterations in downstream resistance
or impedance and such changes in shape can be quantified by calculation of the
pulsatility index. In this study, the femoral artery velocity waveform was examined
and the response to infusion of vasoactive agents was described in terms of the
pulsatility index. Pulsatility index rose in response to infusion of phenylephrine.
However, there was also a tendency for pulsatility index to rise, mainly from an
increase in reflected velocities, on infusion of the vasodilator sodium nitroprusside.
This unexpected result implies that the blood flow response to intense vasodilation
is modified in the intact animal, possibly by the hoof.



This work is dedicated to my parents, Tony and Irene, and to Helen, a much loved
and much missed friend.
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1. Pathophysiology of laminitis

1.1 Introduction

Laminitis is an important disease syndrome, affecting a number of ungulate species.
It is well recognised in horses where it can be responsible for a range of clinical
signs from an acute shock-type condition to a debilitating chronic lameness (Colles
and Jeffcott 1977, Yelle 1986, Baxter 1992). In cattle, although the acute form of
the disease is uncommon, subclinical laminitis has been linked to the occurrence of
sole ulcers, white line lesions and heel erosions (Chew 1972, Greenough 1985,
Bradley et al. 1989). As such it is an important cause of bovine lameness and
responsible for considerable economic loss (Whitaker et al. 1983).

The precise mechanisms and inciting causes for laminitis remain elusive. Much of
the relevant research has been conducted in horses, in which laminitis can be
reliably induced following carbohydrate overload (Garner 1975b). Good reviews
are provided by Coffman and Garner (1972), Garner (1980), Hood and Stephens
(1981), Moore et al. (1989), Hunt (1991), Funkquist (1992), Moore and Allen
(1996) and Weiss (1997). Carbohydrate overload does not consistently induce the
disease in cattle (Dougherty et al. 1975b), therefore most of the work in this species
focuses on examination of clinical cases. Literature pertaining to the condition in
cattle has been reviewed by Mgasa (1987), Boosman et al. (1991b) and Vermunt
(1992). '

1.2 Anatomy of the ungulate digit

Laminitis has been defined as an inflammation of the dermal laminae within the
hoof, which if severe, leads to separation of the hoof wall and underlying pedal
bone. Before considering how these changes arise some understanding of the
normal structural and vascular anatomy of the digit is required.

1.2.1 The equine digit

The following account is based on descriptions from anatomy texts (Sisson 1975,
Schummer et al. 1981a, Dyce et al. 1987a) and review papers (Kainer 1989, Pollitt
1992). Anatomically the hoof can be divided into an epidermis, a dermis and a
subcutis. |

The epidermis forms the outer hoof capsule and comprises a number of regions
having different horn structures. The perioplic horn is tubular and has a rubbery
consistency. It forms a narrow band at the coronet that widens over the
palmar/plantar aspect to cover the bulbs of the heels and merge with the base of the
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frog. The horn of the frog is also soft and tubular, being kept moist by fatty
secretions from the digital cushion. The horn of the sole is a mixture of tubular and
intertubular horn and is therefore more rigid although it is still softer than the horn
of the wall. The wall is that part of the hoof that is visible in the standing animal. It
can be divided into 3 layers each arising from a different region of the epidermis.
The outermost layer, the glossy stratum externum, is formed by drying of the
perioplic horn as it grows distally. The bulk of the wall is formed by the stratum
medium, a dense mixture of tubular and intertubular horn which grows towards the
weight-bearing surface from the coronary epidermis. Deep to this lies the stratum
internum which bears primary and secondary horny laminae that interdigitate with
the underlying sensitive laminae of the dermis.

The dermis or corium lies deep to the hoof capsule and consists of connective tissue
rich in blood vessels and nerves. Its main function is to supply nutrition to the
overlying epidermis. It can be divided into regions in the same way as the
epidermis, thus there is perioplic dermis, coronary dermis, laminar dermis, dermis
of the sole and dermis of the frog. All regions bear papillac except for the laminar
dermis, which is composed of primary and secondary dermal laminae. These
interdigitate with the horny laminae of the epidermis.

The subcutis is thin and serves to attach the dermis to the underlying structures. The
subcutis of the wall and sole forms the periosteum of the pedal bone and the
perichondreum of the lateral cartilages. At a number of sites it is thickened and
modified to form shock absorbing cushions. The largest of these is the digital
cushion which forms the base of the frog. It consists of islands of fat and cartilage
embedded in a mesh of elastic fibres and collagen.

Section 3.1.1 describes the gross anatomy of the digital vascular system, however
the dermal microcirculation is not discussed. This level of the circulation has been
investigated in the horse, using scanning electron microscopy to examine
microvascular corrosion casts (Mishra and Leach 1983, Pollitt and Molyneux 1990).
The dermis is supplied by an intricate vascular network comprising papillary and
laminar units. Each papilla is supplied by a central artery and vein, which are
surrounded by a delicate mesh of capillaries. Arteriovenous anastomoses, which
link the arterial and venous sides of the circulation, are numerous, especially in the
proximal third of the vascular unit. The vascular organisation within the laminae is
more complex (Figure 1.2.1). A vertical parietal artery is located at the base of
each dermal lamina. This gives rise to a series of axial arteries which are parallel to
each other and are linked by slender connecting branches. Further branches give
rise to vertically orientated capillaries which ultimately drain into an axial venous
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network, comprising interconnected axial and parietal veins. As in the papillae,
arteriovenous anastomoses are abundant.

1.2.2 The ruminant digit

This summary of the anatomy of the ruminant digit was compiled using anatomy
texts (Schummer et al. 1981b, Dyce et al. 1987c, Smallwood 1992). Ruminants
differ from the horse in that they are arteriodactyls, i.e. even-toed ungulates, each
foot consisting of two main and two accessory claws. Despite this obvious
difference, the structural organisation of the digit is similar in many respects. Each
claw comprises the central supporting structures, i.e. phalanges, sesamoids,
ligaments and tendons etc., enclosed by a covering of modified skin. This skin has
epidermal, dermal and subcuticular layers.

The epidermis, a highly keratinised stratified squamous epithelium, forms the horny
capsule of the claw. This capsule has a convex outer wall and a slightly concave
interdigital wall, which meet dorsally to form the toe and posteriorly to form the
heel. The ground surface is formed by the sole and the bulb of the heel. The
epidermis can be divided into perioplic, coronary, laminar, solar and bulbar
segments. The perioplic horn is soft and forms a slender band at the coronet,
extending only a short distance distally. The bulk of the wall consists of dense
tubular and intertubular horn originating from the coronary epidermis. The horny
laminae, which lie deep to this, are relatively short and lack secondary laminae, thus
the interdigitation with the laminar dermis is not as strong as in the horse. The
extensive bulbar horn and horn of the sole is not as concave as it is in the horse, and
it therefore constitutes a greater part of the weight-bearing surface in ruminants.

The claw capsule is moulded around a vascular dermis, which bears papillac except
in the laminar segment. As in the epidermis, dermal laminae are non-pennate. The
subcutis attaches the dermis to underlying structures and is thickened in the bulbar
segment to form the digital cushion.

The dermal microcirculation in the bovine digit has been shown to be similar to that
described in the horse (Vermunt and Leach 1992a). Arteriovenous anastomoses
were found to be numerous, especially at the base of the dermal papillae and
laminae.



1.3 Inhibited keratinisation.

Two theories have been proposed to explain the pathogenesis of laminitis.
According to the first, the primary lesion is a metabolic disturbance of the
keratinising epidermal cells. This theory was suggested by Obel (as reported by
Larsson et al. 1956), who described the histopathological changes in biopsies from
the hoof and chesnut of normal and laminitic horses. During the early stages of
laminitis, he found a decrease in keratin precursors, i.e. onychogenic substance and
keratohyalin, in the epidermis of the nonweight-bearing parts of the hoof and
chesnut. A lack of onychogenic substance was also evident in the laminar epidermis
of the hoof wall and the secondary epidermal laminae had a stretched appearance.
Dermal changes, such as oedema, were not evident until the disease progressed
further leading Obel to suggest that they occurred secondary to the defective
keratinisation. Similar changes have been reported more recently in a case of post-
surgical laminitis (Ekfalck et al. 1992).

Further support for this theory was provided by Larsson ef al. (1956) who used
radioisotopic techniques to study the process of keratinisation.  During
keratinisation, sulphur-containing amino acids such as methionine and cystine, are
incorporated into the epidermis. The authors were able to demonstrate a decrease in
the incorporation of radiolabelled cystine in cases of equine laminitis. They
proposed that this occurred as a result of depressed differentiation, cells of the
stratum spinosum failing to mature to the level required for the normal incorporation
of cystine. Studies using cultured keratinocytes have shown that agents which
promote keratinocyte multiplication will also repress differentiation. These agents
have been reviewed by Ekfalck et al. (1991) and they include epidermal growth
factor, corticosteroids and cholera toxin. Epidermal growth factor (EGF), a potent
inhibitor of the differentiation of keratinocytes (Rheinwald and Green 1977), has
attracted much attention as a potential mediator of the early epidermal changes
observed in laminitis. Its presence in the tissues and secretions of both the intestine
and the uterus (Hirata and Orth 1979, Simmens et al. 1986) provided the initial link
with the alimentary and puerperal forms of the disease. Later studies demonstrated
specific EGF receptors in the bovine and equine hoof (Ekfalck et al. 1988,
Grosenbaugh et al. 1991), implying a physiological role for epidermal growth factor
at that site.

Epidermal growth factor may also mediate the histopathological changes observed
in chronic laminitis, particularly dermal and epidermal hyperplasia (Grosenbaugh et
al. 1991). Epidermal hyperkeratinisation is also a feature at this stage (Roberts et
al. 1980) and it is unclear if this arises from defective keratinisation or simply
proliferation of keratinised cells. Grosenbaugh et al. (1990) compared EGF
receptor-binding activity in urine from normal and chronically laminitic horses, but
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were unable to detect a difference. However in a subsequent study, they found that
EGF receptor binding characteristics were altered in chronic laminitis (Grosenbaugh
et al. 1991) and proposed that this was the mechanism of altered growth. Whilst
there is evidence for epidermal growth factor having a role in the pathogenesis of
laminitis, this may not be a primary role. It may simply mediate secondary changes.

1.4 Altered digital blood flow

The second more widely held theory is that laminitis arises from a primary vascular
disturbance. Factors such as vasoconstriction, microthrombosis, oedema and
arteriovenous shunting are thought to reduce laminar perfusion, producing
ischaemia of the laminar interdigitation with potential separation of the distal
phalanx from the hoof (Moore and Allen 1996). Support for this theory is provided
by histopathological studies of the laminar region in horses with laminitis (Roberts
et al. 1980). Changes such as dermal oedema and epidermal necrosis were
considered to be consistent with ischaemic damage.

Despite numerous investigations, the exact nature of the local blood flow changes
that occur in laminitis, remains uncertain. Clinical observations of a warm foot and
a bounding pulse would suggest an overall increase in digital blood flow. This is
supported by experiments using isolated perfused digits from control and laminitic
ponies (Robinson et al. 1976). The authors measured venous outflow directly and
found it to be increased in laminitis. This finding is contradicted by angiographic
studies in horses, which show a decrease in the filling of the terminal arch in both
acute (Coffman et al. 1970) and chronic laminitis (Ackerman et al. 19795).
Alterations in the vascular pattern have also been observed in studies of the bovine
laminitic digit, although dilation and tortuosity of the distal phalangeal artery were
the most frequent findings (Maclean 1970, Boosman et al. 1989). Hood et al.
(1994) prepared vascular perfusion casts from the digits of laminitic horses and
demonstrated avascular areas, not found in normal horses. Further evidence of
reduced perfusion is provided by two scintigraphic studies using technetium-
labelled macroaggregated albumin (99mTc MAA, Hood et al. 1978, Galey et al.
1990). In both studies the amount of radio-labelled albumin trapped in the capillary
bed of the digit was reduced in laminitis, suggesting a decrease in blood flow.

If these findings of increased digital blood flow and decreased laminar perfusion are
to be reconciled, redistribution of flow must occur within the hoof. Robinson
(1990) suggested that in laminitis flow might be redirected through low resistance
arteriovenous anastomoses, therefore bypassing the dorsal laminae.  Such
arteriovenous shunts have been shown to be numerous in equine and bovine hooves
(Talukdar et al. 1972, Pollitt and Molyneux 1990, Vermunt and Leach 1992a). This
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theory is supported by the work of Hood et al. (1978) who demonstrated radio-
labelled albumin macroaggregates in the digital veins. These aggregates are of such
a size that they normally become trapped in the capillaries and their presence in the
venous circulation implies passage through wider diameter bypass vessels. An
angiographic study of the equine digit showed that the arteries supplying the dorsal
laminae are the last branches of the terminal arch to be perfused (Colles et al. 1980).
They are therefore particularly vulnerable to ischaemia should blood flow be
reduced or redirected.

Not all research confirms the occurrence of reduced laminar perfusion. A
scintigraphic study by Trout et al. (1990), using #MTc MAA demonstrated an
increase in laminar blood flow in laminitis. An explanation for this anomalous
result has been suggested by Robinson (1990). Macroaaggregated albumin particles
range from 10-50 um in diameter (Hood ef al. 1978). Arteriovenous anastomoses in
the equine hoof are of similar dimensions (Pollitt and Molyneux 1990).
Consequently MAA particles may lodge in shunt vessels as well as capillaries.
Thus the apparent increase in laminar blood flow may in fact be due to increased
shunt flow.

1.4.1 Changes in vascular tone

How are these alterations in blood flow implemented? One suggested explanation is
that excessive vasoconstriction within the foot, perhaps resulting from a change in
sensitivity to vasoactive mediators, reduces laminar perfusion and diverts blood
through the relatively low resistance shunt vessels. Hood et al. (1990, 1993)
compared laminitis to Raynaud’s phenomenon in people, a disease characterised by
digital ischaemia and caused by digital artery spasm. Similarities in some aspects of
the pathology and pharmacology of the two conditions led the authors to propose
that laminitis, like Raynaud’s phenomenon, may result from initial vasoconstriction
followed by reactive hyperaemia. This is supported by a study in which pre-
treatment with the vasodilator prazosin, prevented the development of laminar
hypoperfusion in horses with experimentally-induced laminitis (Galey et al. 1990).

A number of studies have investigated this hypothesis further through an
examination of the vasoactive mediators that regulate the digital circulation.
Robinson et al. (1975a) used isolated pump-perfused equine digits to characterise
the pressure-response to a variety of mediators including acetylcholine, histamine,
adrenaline and prostaglandins. Similar studies have been conducted in the bovine
digit (Elmes and Eyre 1977). Robinson et al. (1976) found these vascular responses
to be unaltered in digits from laminitic ponies and horses. This however was not the
finding of an in vitro study of the reactivity of isolated rings of equine digital artery
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and vein (Baxter et al. 1989). Agonist-induced contraction was shown to be
reduced in vessels from horses with early laminitis. In addition, the reduced
response was more marked in arteries than veins, producing a relative increase in
venous to arterial contraction ratio. The authors proposed from this, that the ratio of
postcapillary to precapillary resistance would be increased, reducing venous
drainage sufficiently to increase capillary pressure and produce oedema.

The studies described above addressed the nature of the vascular changes, i.e. was
vascular reactivity increased or decreased in laminitis? With the discovery of nitric
oxide (Palmer et al. 1987), a mechanism through which vascular reactivity might be
altered was revealed. Endothelium-derived nitric oxide has been shown to be an
important regulator of vascular tone in people (Vallance et al. 1989a) and alterations
in its production have been implicated in the pathogenesis of other vascular
diseases, such as atherosclerosis (Forstermann et al. 1988), hypertension (Panza et
al. 1990) and endotoxic shock (Nava et al. 1992). Nitric oxide-mediated relaxation
has been demonstrated in the digital veins and arteries of the horse (Elliott et al.
1994, Baxter 1995, Cogswell et al. 1995). It is therefore feasible that disturbances
in nitric oxide production could contribute to the vascular derangements observed in
laminitis (Bryant and Elliott 1994, Elliott 1996). A decrease in nitric oxide release
with consequent increase in vascular tone has been proposed as a cause of laminar
ischaemia (Baxter 1995). This is supported by a study by Hinckley et al. (1996a) in
which the provision of exogenous nitric oxide, in the form of glyceryl trinitrate, was
shown, subjectively, to enhance recovery in ponies with clinical laminitis.

1.4.2 Disturbances in Starling forces

The formation of oedema has been proposed as a second mechanism of laminar
ischaemia. Fluid exchange within the digit is governed, as for all vascular beds, by
the Starling equation (Hunt 1991). It is a balance between the hydrostatic pressure
difference that favours filtration and the net osmotic pressure that favours
absorption.

Jve = Ky, ([Pc - Pt] - od [7c - t])

where J,, = net capillary filtration rate
K, = capillary filtration coefficient
Pc = capillary hydrostatic pressure
Pt = tissue hydrostatic pressure
mc = capillary osmotic pressure
7t = tissue osmotic pressure
od = osmotic reflection coefficient
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Measurement of these forces, using methods outlined by Allen et al. (1988b), has
revealed major differences between the digit of the horse and that of the dog.
Capillary hydrostatic pressure has been estimated to be 34mmHg in the normal
equine digit (Korthuis et al. 1983). This is greater than that reported in the dog,
10mmHg, (Brace and Guyton 1977) and confirms the earlier finding of high small
vein pressure in the equine digit (Robinson et al. 1975a). There are no reports of
capillary pressure measurement in the digit of other ungulate species, therefore it is
unclear if this difference applies to cattle and sheep. The potentially oedemagenic
effects of high capillary pressure must be counteracted by adjustments in the other
Starling forces. Suggested opposing factors include a low capillary filtration
coefficient, a steep gradient of oncotic pressure, drawing fluid back into the
circulation, and high tissue pressure (Korthuis et al. 1983). Capillary filtration
coefficient, which is the product of microvascular surface area and permeability, is
indeed low in the equine digit (Korthuis et al. 1983). Estimations of capillary
permeability, as expressed by the osmotic reflection coefficient, suggest that it is
high (Allen et al. 1988a) and therefore imply that the surface area available for
exchange is low. A further consequence of the high capillary permeability is the
failure to maintain a steep gradient of oncotic pressure. This is confirmed by the
demonstration of a relatively high lymph protein concentration in the equine digit
(Robinson et al. 1975b). Perhaps the most significant factor counteracting the high
capillary pressure is a raised tissue hydrostatic pressure. This has been estimated at
approximately 25mmHg (Allen et al. 1988b). It is clear from such studies that fluid
exchange is delicately balanced and should any of the parameters alter oedema is a
risk.

Measurement of Starling forces in laminitis, induced by either carbohydrate
overload (Allen et al. 1990) or extract of black walnut (Section 1.5, Eaton et al.
1995) demonstrated marked elevations in both capillary and tissue hydrostatic
pressures. Capillary hydrostatic pressures were respectively, 55 and 52mmHg in the
2 studies, whilst tissue hydrostatic pressures were 45 and 4lmmHg. The high tissue
pressure lead the authors to propose that laminitis may be a compartment syndrome.
Such syndromes are known to develop when tissue pressure exceeds the critical
closing pressure of capillaries, approximately 30mmHg in man (Hargens et al.
1977). Increases in postcapillary resistance were interpreted as arising from digital
venoconstriction, which the authors suggested may have triggered the initial rise in
capillary pressure. No change in capillary permeability was detected in either study
(Allen et al. 1990, Eaton et al. 1995). This supports the earlier conclusion, by
Robinson et al. (1976), that capillary permeability did not change in laminitis. This
earlier study also demonstrated an increase in capillary permeability following
intraarterial infusion of histamine and on this basis histamine was rejected as an
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important causative factor in laminitis (Chavance 1946). Since then, Robinson and
Scott (1981) have failed to demonstrate any change in capillary permeability
following intravenous administration of histamine, (a route more analogous to the
situation in laminitis), and so have qualified their earlier rejection of a role for
histamine.

1.4.3 Altered haemostasis

A third factor reputed to produce laminar ischaemia is microvascular thrombosis.
Microthrombi have been demonstrated in the dermal vessels of ponies and horses
with experimentally-induced laminitis (Weiss et al. 1994, Weiss et al. 1995) and
cattle with the clinical disease (Nilsson 1963, Maclean 1971). Systemic activation
of coagulation has been proposed as a cause, but alterations in coagulation
parameters have been difficult to demonstrate. Whilst Hood et al. (1979), working
with horses, demonstrated mild fluctuations in activated partial thromboplastin
times and fibrin split product titres, the majority of studies have failed to
demonstrate any change in the coagulation profile during the development of
laminitis (Kirker-Head et al. 1987, Prasse et al. 1990, Weiss 1996). The efficacy of
the anticoagulant heparin in treating equine laminitis is controversial (Stashak
1987). Hood (1979) showed that heparin reduced the incidence of lameness in a
group of 9 horses fed a laminitis-inducing diet. Although heparin pre-treatment
failed to reduce the incidence of laminitis in a retrospective study of horses
undergoing surgery for small intestinal disorders (Belknap and Moore 1989). This
was however, a fairly select population of animals and the overall incidence of
laminitis was low with only 9 of 71 horses developing the disease.

Detection of alterations in platelet aggregation, led Bell et al. (1979) to propose that
an acquired platelet defect might trigger microthrombosis. Weiss et al. (1994)
demonstrated accumulation of radio-labelled platelets distal to the coronary band in
ponies with experimentally-induced laminitis. Platelet accumulation was detected at
at the onset of lameness, leading the authors to suggest that it may have a primary
pathogenic role. This was supported by a subsequent study in which decreased
platelet survival time, an indicator of platelet consumption, was detected just 6
hours after carbohydrate administration (Weiss et al. 1995). Lameness did not
develop for a further 22 to 46 hours. However Moore et al. (1981), using a larger
group of horses, detected no change in platelet numbers until 8 hours after the onset
of lameness.

1.5 Systemic disturbances
Alterations in blood flow are not restricted to the digit and more generalised
cardiovascular disturbances, including systemic hypertension, have long been
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recognised as part of the laminitis syndrome in both horses and cattle (Garner ef al.
1975a, Andersson and Bergman 1980). The development of an experimental model
for equine laminitis, i.e. carbohydrate overload, has permitted more detailed studies
of the cardiovascular disturbances involved in this species. Following carbohydrate
overload, increases in arterial blood pressure and heart rate were consistent findings
(Garner et al. 1975b, Gamner et al. 1977, Harkema et al. 1978). Garner et al.
(1975b) also recorded a fall in central venous pressure, which in the light of
concurrent increases in packed cell volume and total protein, implied a depletion of
plasma volume. This has since been confirmed (Clarke er al. 1982). The increase
in heart rate observed preceded the development of lameness and it has been
suggested that it occurred as a compensatory response to depleted plasma volume
(Garner et al. 1977). Arterial pressure rose later, coinciding with the onset of
clinical lameness, and it has been proposed that this may reflect a response to pain,
mediated by catecholamines (Garner et al. 1977, Harkema et al. 1978).
Catecholamine-mediated vasoconstriction has also been implicated in the local
blood flow changes within the foot. There is also evidence that the renin-
angiotensin-aldosterone system may be activated by the plasma volume changes.
Clarke et al. (1982) recorded increases in plasma renin activity and aldosterone
concentration during the development of laminitis. Renin is responsible for the
generation of angiotensin I, which is further converted to angiotensin II (Garrison
and Peach 1990). Angiotensin II is a powerful vasoconstrictor, and the authors
suggested that it may have a role in the development of laminar ischaemia in the
horse. However this seems unlikely in the light of a later study, which found

angiotensin II to be a poor vasoconstrictor of equine digital vessels (Baxter et al.
1989).

Haematological changes have also been documented in equine alimentary laminitis.
Whilst neutrophils were increased in number, lymphocytes and eosinophils were
decreased (Moore et al. 1981, Kirker-Head et al. 1987). Moore et al. (1981)
suggested that this blood picture was consistent with increased circulating adrenal
glucocorticoids and/or catecholamines, a theory supported by the finding of
concurrent hyperglycaemia. Clarke et al. (1982) detected an increase in circulating
hydrocortisone during the development of laminitis, but this failed to reach
statistical significance.

Some of the systemic disturbances detailed above may be specific to carbohydrate
overload-induced laminitis. Another method, used experimentally to induce
laminitis in horses, is the oral administration of an aqueous extract of black walnut.
This substance consistently produces laminitis, accompanied by mild depression and
limb oedema, 8-12 hours after administration (Galey et al. 1991). Juglone, a toxin
present in the bark of black walnut trees, can allegedly cause allergic problems in
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people (MacDaniels 1983), but does not consistently induce laminitis when
administered to ponies and horses (True and Lowe 1980). The toxic principle
responsible for this effect has not been identified but appears to be present, unlike
juglone, in an aqueous extract of black walnut shavings (Uhlinger 1989). Severe
fluid and electrolyte shifts are not a feature of the laminitis associated with black
walnut toxicosis (Galey et al. 1991). Whilst evidence for plasma depletion is
lacking, tachycardia, neutrophilia with left shift, elevated plasma adrenaline and a
prolonged diurnal cortisol peak are features common to both models.

1.6 Predisposing factors

Epidemiological studies have not always agreed on their assessment of risk factors.
Dorn et al. (1975) found ponies to be at greater risk of developing laminitis than
horses. An increased incidence of laminitis was also noted in the summer months
and in mares and stallions compared to castrated males. However Slater et al.
(1995) and Polzer and Slater (1996) failed to demonstrate any significant
association between age, sex, breed or seasonality and the occurrence of acute
equine laminitis. In cattle, an age predisposition has been observed, with first-calf
heifers being at increased risk of disease (Nilsson 1963, Moser and Divers 1987,
Greenough and Vermunt 1991). A seasonal peak in the number of laminitis cases,
related to housing and/or calving, has also been identified (Nilsson 1963, Maclean
1965, Greenough and Vermunt 1991).

Dietary changes are commonly implicated in the induction of laminitis, especially in
cattle (Vermunt and Greenough 1994). Accidental grain overload is an extreme
example, which has been used to induce the disease in horses (Garner et al. 1975b).
In dairy cows, the change from a high fibre-diet during the dry period to a high
concentrate ration at calving is believed to increase the risk of laminitis (Maclean
1965, Weaver 1979). Studies by Peterse ef al. (1984) and Manson and Lever
(1988a) demonstrated a higher incidence of laminitis in cows fed a high concentrate
diet, but not all studies confirm this association (Smit et al. 1986, Frankena et al.
1992). Not surprisingly, bolus-feeding of concentrate has also been linked to
laminitis (Moser and Divers 1987). The carbohydrate content of a diet is not the
only important factor. Whilst, high fibre diets may have a protective effect (Livesey
and Fleming 1984), diets rich in protein have been associated with an increased
incidence of laminitis (Manson and Leaver 1988b, Bargai et al. 1992). The
ingestion of lush growing grasses, high in protein and metabolisable energy, also
predisposes to the development of laminitis, especially in ponies (Stashak 1987,
Vermunt 1992).
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Trauma to the digit has been cited as another predisposing factor in both species. In
horses, an increased incidence of laminitis has been observed in the contralateral
limb of horses with a unilateral lameness (Martin et al. 1984, Peloso et al. 1996).
This is believed to result from excessive loading of the supporting limb. Excessive
work on hard surfaces and long periods of standing may have a similar effect
(Stashak 1987). In cattle, an increased incidence of laminitis is observed in heifers
newly housed on concrete (Vermunt and Greenough 1994) and this has been
attributed to the combined effects of repeated concussion on hard floors (Bazeley
and Pinsent 1984) and failure to use uncomfortable cubicles (Colam-Ainsworth et
al. 1989). Bergsten (1988) has demonstrated a positive correlation between the
occurrence of laminitis-like lesions and concrete flooring.

Hypothyroidism has been cited as a factor predisposing to laminitis in horses
(Colles and Jeffcott 1977). Hood et al. (1987) showed that whilst levels of
thyroxine (T,) and triiodothyronine (T;) were depressed in the acute phase of
disease, responses to thyroid stimulating hormone were normal. This implies that
the reduced levels of T; and T, were a response to laminitis and not a cause.
Another endocrine disorder that has been associated with an increased risk of
laminitis is hyperadrenocorticism (Freestone and Melrose 1995) and this is
discussed further in section 1.6.2. Field and Jeffcott (1989) showed that overweight
ponies and those with a history of laminitis were relatively insensitive to insulin.
Insulin normally reduces platelet production of thromboxane A,, a pro-aggregatory
vasoconstrictor (Qvist and Larkins 1983), therefore levels of this mediator may be
raised where there is insulin resistance. Field and Jeffcott (1989) suggested that this
increased the tendency for thrombosis in overweight ponies and accounted for the
increased incidence of laminitis in this group (Dorn et al. 1975).

An increased incidence of laminitis has also been associated with a number of other
disease states. Horses with gastrointestinal disorders or a retained placenta appear
to be at greater risk ( White et al. 1987, Blanchard et al. 1987), as do cattle with
mastitis or post-partum metritis ( Nilsson 1963, Maclean 1965). Endotoxaemia is a
potential complication of all these conditions, implying that endotoxin is an
important predisposing factor for laminitis.

1.6.1 Endotoxin

Endotoxin has been further implicated in the pathogenesis of laminitis by studies
examining the series of events that follow a dietary change, such as carbohydrate
overload. Garner et al. (1978) detected alterations in the bacterial population of the
equine caecum following administration of a laminitis-inducing diet. The authors
demonstrated an increase in the number of lactic acid-producing bacteria and
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recorded a fall in caecal pH, believed to result from increased lactic acid production.
At the same time, gram-negative bacteria were found to decline and their
destruction, with release of free endotoxin, produced an increase in the level of
caecal endotoxin (Moore ef al. 1979). Studies conducted in cattle and sheep, have
shown similar alterations in the microbial population of the rumen following grain
overload (Allison et al. 1975). Krueger et al. (1986) collected caecal biopsies from
horses fed a laminitis-inducing diet and examined the caecal epithelium using
transmission and scanning electron microscopy. Widespread sloughing of the
caecal epithelium was evident and the authors proposed that the damage was
sufficient to permit absorption of endotoxin into the portal circulation. This has
been confirmed by detection of circulating endotoxin in both ruminants and horses
subject to carbohydrate overload (Dougherty et al. 1975a, Sprouse et al. 1987). In
the later study, the endotoxaemia was quantified and values of 2.4 to 81.53ng/L
were detected in 11 of the 13 horses.

Many studies have attempted to confirm the involvement of endotoxin, by
comparing the lesions that occur in laminitis with those induced by endotoxin.
Mishra and Sack (1987) used electron microscopy to illustrate the similarity
between endotoxin-induced and laminitis-associated vascular lesions in the equine
digit. Similarities have also been noted between the haematological changes
observed in laminitis (Moore et al. 1981) and those seen in acute Escherichia coli
endotoxaemia (Burrows 1981). Activation of coagulation, which has been proposed
as a possible mechanism of laminitis, can be induced in horses by endotoxin
infusion (Duncan et al. 1985). Infusion of endotoxin at 1pg/kg/hour for 24 hours
caused shortening of the one-stage prothrombin time and the activated partial
thromboplastin time, and increased the concentration of circulating fibrin
degradation products. Similar alterations have been recorded in horses with
laminitis (Hood er al. 1979). Endotoxin infusion, various doses, has also been
shown to produce a hypercoagulable state in cattle (Boosman et al. 1991a). The
effects of intravenous endotoxin administration, 0.03pg/kg, on digital
haemodynamics have been described by Hunt et al. (1990). Using isolated pump-
perfused equine digits, they demonstrated an increase in total vascular resistance
and a consequent reduction in digital blood flow, findings that are similar to those
described in a study using laminitic horses (Allen ez al. 1990). However, following
endotoxin infusion the increased vascular resistance was predominantly precapillary
in origin, not postcapillary as shown in the laminitic horses. Ingle-Fehr and Baxter
(1996) confirmed that endotoxin infusion, 0.1pg/kg, acutely reduces digital blood
flow in conscious horses, using ultrasound to quantify flow in the palmar digital
artery.
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Studies in vitro have yielded more variable results. Baxter et al. (1989) detected no
change in the contractile responses of digital vessels following a 10 minute
incubation with 23ng/L endotoxin. However in a subsequent study, the contractile
response to noradrenaline was shown to be increased in arteries from horses treated
with 0.1pg/kg endotoxin (Baxter 1995). Contraction to a second vasoconstrictor,
serotonin, was reduced, as were the relaxant responses to acetylcholine and
bradykinin. The author proposed that this enhanced vasoconstriction was a
consequence of reduced nitric oxide production, caused by endotoxin-mediated
endothelial damage. He suggested that this also accounted for the decreased digital
blood flow observed in response to endotoxin infusion (Hunt ef al. 1990, Ingle-Fehr
and Baxter 1996). These findings are only partly confirmed by a study in which
equine digital arteries and veins were incubated overnight in endotoxin (Bailey and
Elliott 1996). No change in the response of digital veins to the o;-adrenergic
agonist phenylephrine was noted, whilst serotonin-induced contraction was reduced.

In several species, the deleterious effects of endotoxin have been shown to be
mediated by cytokines, such as tumour necrosis factor, (TNF-a, Beutler et al. 1985,
Tracey et al. 1987b, Mathison et al. 1988). The importance of this cytokine in
horses has been demonstrated by the detection of TNF-a activity in the circulation
following endotoxin administration (Morris et al. 1990, MacKay et al. 1991).
Baxter (1994) proposed that TNF-o may mediate the vascular effects of endotoxin
and a study in which equine digital arteries were exposed to TNF-a tends to support
this view. Incubation with TNF-a enhanced noradrenaline-induced contraction but
depressed relaxation to acetylcholine, effects similar to those observed following
incubation with endotoxin (Baxter 1995).

Whilst circumstantial evidence suggests that endotoxin has a role in the
pathogenesis of laminitis, the clinical disease has only once been induced by the
administration of endotoxin. Mortensen et al. (1986) were successful in inducing
mild signs of laminitis following injection of large doses of endotoxin into the
digital arteries of calves. Sprouse and Garner (1982) accounted for this poor
success rate by suggesting that laminitis may represent a local Schwartzman
reaction, in which case prior sensitisation to endotoxin would be required. This is
supported by the demonstration of 2 peaks in circulating endotoxin, following
carbohydrate overload in horses (Sprouse et al. 1987). Some aspects of the disease
have been reproduced by prolonged or repeated infusions of endotoxin. Duncan et
al. (1985) noted signs of hoof discomfort in 6 out of 7 horses receiving a 24 hour
endotoxin infusion. This was accompanied by a decrease in hoof temperature.
Boosman et al. (1991a) administered endotoxin to cattle, by bolus or infusion, on 3
consecutive days.  Whilst no clinical signs of laminitis were observed,
histopathology of the dermis of the claw revealed laminitis-like lesions, with white
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cell infiltration, congestion and vessel thrombosis. Schwartzman reactions were not
evoked in this study.

1.6.2 Corticosteroids

The administration of corticosteroids appears to increase the risk of laminitis in
horses (Colles and Jeffcott 1977, Slater et al. 1995). Hyperadrenocorticism, in
which there is increased production of endogenous corticosteroids, is also associated
with an increased incidence of disease (Freestone and Melrose 1995). A number of
theories have been proposed to explain this predisposition. Eyre (1982) suggested
that corticosteroids may induce laminitis by altering the reactivity of the digital
vasculature to endogenous mediators. In support of this theory, the contractile
responses to catecholamines were shown to be enhanced in equine digital arteries
and veins incubated with corticosteroids (Eyre et al. 1979). Similarly, the pressure
responses to adrenaline and serotonin were increased in isolated pump-perfused
digits following treatment with hydrocortisone (Eyre and Elmes 1980). However,
these effects, mediated by inhibition of catecholamine uptake (Rang et al. 1995), are
not limited to digital vessels and therefore their relevance to laminitis is
questionable. Slone e al. (1981) demonstrated significant sodium and chloride
retention following treatment with dexamethasone and triamcinolone and suggested
that these additional effects might favour oedema formation and contribute to
hypertension. Other factors that may be involved include corticosteroid-mediated
inhibition of keratinocyte differentiation (Ekfalck et al. 1991) and corticosteroid-
induced insulin resistance (Field and Jeffcott 1989).

1.7 Aims of the project

Despite many years of research, our understanding of the pathogenesis of laminitis
is not yet complete. The aim of this project was to investigate the regulation of
digital blood flow, with particular reference to factors implicated in the development
of laminitis, such as endotoxin and nitric oxide. A further aim was to investigate the
impact of the hoof on digital blood flow.

Despite the importance of laminitis in cattle, as a welfare issue (Hassall et al. 1993)
and a source of economic loss (Whitaker et al. 1983), relatively few studies have
been conducted in this or any other ruminant species. We therefore chose to use
sheep as a model for both bovine and equine laminitis. Although the clinical
disease is not common in sheep, laminitis can be induced experimentally by creation
of a rumenal lactic acidosis (Morrow et al. 1973), a method not dissimilar to that
used in the horse. Ovine tissues, for the in vitro studies, were readily available from
a local abattoir and the relative ease of handling of sheep was advantageous in the in
vivo studies.
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The initial aim of the in vitro studies was to determine the role of endothelium-
derived nitric oxide and prostanoids in the modulation of digital artery tone. This
was accomplished by comparing the tension developed in isolated rings of ovine
digital artery maintained under different conditions. Endotoxin has been implicated
in the pathogenesis of both clinical (Blanchard er al. 1987) and experimental
laminitis (Sprouse ef al. 1987) and many of its deleterious effects are mediated by
pro-inflammatory cytokines, such as tumour necrosis factor (Mathison e? al. 1988).
Therefore, a further aim was to investigate the effect of incubation with such agents
on the vascular reactivity of the isolated ovine digital artery.

The aim of the in vivo studies was to examine the response of the hindlimb vascular
bed to local infusion of vasoactive agents in the live animal. In ungulates the distal
limb is enclosed by the hoof and it is not known if this has any impact on digital
blood flow. The response to infusion of vasoconstrictor and vasodilator agents was
assessed by examining changes in the shape of the femoral artery velocity
waveform, obtained using Doppler ultrasound.
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2. A study of the contractile and relaxant
responses of the ovine digital artery in vitro

2.1 Introduction

In the past 10-15 years there have been major advances in our understanding of
vascular physiology. Central to this advancement was the discovery that the
endothelium has an active role in the regulation of vascular tone, through the
synthesis and release of endothelium-dependent factors. These factors were also
found to be important in the maintenance of an antithrombogenic endothelial
surface. Good reviews of the endothelium-dependent factors are provided by
Gryglewski et al. (1988), Furchgott & Vanhoutte (1989), Rubanyi (1991), Vane e¢
al. (1990) and Tolins et al. (1991).

2.1.1 Prostacyclin

The first of these factors to be discovered was prostacyclin (Moncada et al. 1976).
This vasoactive prostaglandin is derived from arachidonic acid which is liberated
from membrane phospholipids by activated phospholipase A,. A haeme-containing
cyclooxygenase enzyme catalyses the conversion of arachidonic acid to the
prostaglandin endoperoxides prostaglandin G, (PGG,) and then prostaglandin H,
(PGH,). The latter is further transformed into prostacyclin (PGI,) by prostacyclin
synthase (Moncada & Vane 1979). Prostaglandin endoperoxides released from
platelets and transferred across the endothelial cell membrane form an alternative
source of prostacyclin precursors (Bunting et al. 1976). Prostacyclin is chemically
unstable and once formed, it is rapidly broken down to 6-keto-prostaglandin Fy,, a
more stable but inactive metabolite (Nicholson ef al. 1985).

Release of prostacyclin, as for other prostaglandins, is thought to be associated with
factors disturbing the endothelial cell membrane (Piper & Vane 1971). These may
be physical factors such as pulsatile pressure (Quadt ez al. 1982) or chemical factors
such as bradykinin (Gryglewski ef al. 1986a), thrombin (Weksler ef al. 1978) and
platelet-derived growth factor (Coughlin et al. 1980).

Prostacyclin has an anti-aggregatory action on platelets (Moncada et al. 1976) and is
a potent vasodilator (Bunting et al. 1976). It mediates its effects through activation
of adenylate cyclase (Gorman et al. 1977) with consequent elevation of platelet and
vascular smooth muscle cyclic 3°,5’-adenosine monophosphate (cAMP, Tateson et
al. 1977, Ito et al. 1980). Prostacyclin is also believed to enhance the activity of
cholesteryl ester hydrolases, enzymes that are responsible for clearing cholesteryl
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esters from the vascular wall (Hajjar et al. 1982). Interference with this action may
be important in the development of atherosclerosis (Hajjar 1985).

Other properties of prostacyclin have been identified, including fibrinolytic activity
and a cytoprotective effect. Benefits in the treatment of pulmonary
thromboembolism have been observed and have been attributed to the combined
vasodilatory, anti-platelet and fibrinolytic properties of prostacyclin (Utsunomiya et
al. 1980). The cytoprotective effects are thought to be achieved through scavenging
of oxygen free radicals which may be associated, for example, with post-ischaemic
reperfusion damage (Simpson & Lucchesi 1987). These effects may contribute to
the proven efficacy of prostacyclin and its analogues in the treatment of peripheral
vascular disease, such as arteriosclerosis obliterans (Szczeklik et al. 1979) and
Raynaud’s phenomenon (Yardumian et al. 1988). Moncada & Vane (1984) have
reviewed the clinical applications of prostacyclin.

2.1.2 Nitric oxide

2.1.2.1 Discovery and identification of endothelium-derived relaxing factor
Furchgott and Zawadzki (1980) discovered that acetylcholine-induced relaxation of
rabbit aortic rings and strips only occurred when the endothelium was intact. In the
absence of the endothelium, acetylcholine induced vasoconstriction. It was
therefore postulated that acetylcholine stimulated the release of an endothelium-
derived relaxing factor (EDRF). Release of EDRF has since been shown to occur in
response to many different stimuli and in many different vessels from different
species. In addition to acetycholine, bradykinin (Cherry et al. 1981), calcium
ionophore A23187 (Zawadzki et al. 1980), adenine nucleotides, thrombin (De Mey
et al. 1982), noradrenaline, serotonin (Cocks and Angus 1983) and substance P
(Zawadzki et al. 1981), have all been shown to trigger release of EDRF (for a more
complete list see Furchgott and Vanhoutte 1989). Other factors, such as increased
blood flow (Rubanyi et al. 1986), visible light and electrical field stimulation (Frank
and Bevan 1983) are also capable of initiating release. Endothelium-dependent
relaxation is not just a feature of arteries, it has also been demonstrated in resistance
vessels (Tesfamariam ez al. 1985) and to a lesser degree in veins (De Mey and
Vanhoutte 1982). It has been demonstrated in vessels from numerous species
including rat (Van de Vorde and Leusen 1983), dog (De Mey et al. 1982), cow
(Gruetter and Lemke 1986), pig (Gordon and Martin 1983) and man (Cherry et al.
1982).

Many of the early experiments used separate donor and detector systems to
characterise the properties of EDRF. Endothelial cells in situ (Forstermann et al.
1984, Griffith er al. 1984, Rubanyi et al. 1985) or cultured on the surface of
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microcarrier beads (Cocks et al. 1985, Gryglewski et al. 1986a) were stimulated to
release EDRF, the effects of which were detected by a downstream endothelium-
free preparation, such as an arterial ring or strip. Such studies confirmed the labile
nature of EDRF, its half-life in the bioassay system was just 6 seconds (Gryglewski
et al. 1986a). EDRF was shown to reduce vascular tone by activating soluble
guanylate cyclase, thereby increasing intracellular cyclic guanosine 3°,5°-
monophosphate (¢cGMP, Rapoport et al. 1983). This was supported by studies
showing that endothelium-dependent relaxation was inhibited by methylene blue, an
inhibitor of soluble guanylate cyclase (Gruetter et al. 1981), but was potentiated by
c¢GMP phosphodiesterase inhibitors (Martin et al. 1986a). In addition, haemoglobin
was found to inhibit endothelium-dependent relaxation by both inactivating
guanylate cyclase and binding EDRF in solution (White et al. 1982, Martin et al.
1986¢). Several reducing agents, such as hydroquinone (Van de Voorde and Leusen
1983) and dithioreitol (Griffith et al. 1984), were also found to inhibit the action of
EDRF. Moncada et al. (1986) suggested that this inhibition was the result of the
inactivation of EDRF by superoxide anion (O,), generated by the reduction of
molecular oxygen. This accounts for the finding that superoxide dismutase, a free
radical scavenger, protects EDRF from breakdown, thus potentiating endothelium-
dependent relaxation (Gryglewski et al. 1986b, Rubanyi and Vanhoutte 1986).

In addition to its vasodilating properties, EDRF was shown to inhibit the adhesion
of platelets to endothelial cells (Radomski et al. 1987c) and to inhibit platelet
aggregation (Azuma et al. 1986). These effects were also shown to be mediated
through elevations in cGMP and could be inhibited or potentiated by similar factors
to those described above (Radomski et al. 1987b).

The endothelium-dependent relaxation observed by Furchgott and Zawadzki (1980)
occurred in the presence of the cyclooxygenase inhibitors indomethacin and aspirin,
thereby ruling out the possibility that EDRF was a prostaglandin-like substance.
Inhibition of lipoxygenase using either 5, 8, 11, 14-eicosatetraynoic acid (ETYA) or
nordihydroguiaretic acid (NDGA), did however abolish endothelium-dependent
relaxation (Furchgott and Zawadski 1980, Cherry et al. 1982, Furchgott ef al. 1982),
leading to the hypothesis that EDRF may be a short-lived lipoxygenase product,
possibly a free radical (Furchgott 1984). However, ETYA and NDGA are not
selective inhibitors of lipoxygenase and they may also inhibit EDRF through
generation of superoxide anions (Forstermann et al. 1988a).

The search for the identity of EDRF took a different direction when two laboratories
working independently suggested that EDRF may be nitric oxide (Khan and
Furchgott 1987, Ignarro et al. 1987b). This hypothesis arose from comparison of
the relaxant effects of nitrovasodilators and EDRF. Nitrovasodilators, such as
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glyceryl trinitrate, have long been used in the treatment of angina (Murrel 1879),
however the mechanism by which these agents induce vasodilation was only
recently revealed. Nitrovasodilators were shown to activate guanylate cyclase and
elevate cGMP (Schultz et al. 1977), an action which Katsuki et al. (1977) proposed
was mediated through generation of nitric oxide. This similarity between the
mechanism of EDRF-and nitric oxide-induced vasodilation prompted the assertion
that they were one and the same. Comparisons of the actions of nitric oxide and
EDRF on vascular smooth muscle and platelets revealed many similarities. As for
EDREF, the effects of nitric oxide were potentiated by superoxide dismutase and
cGMP phosphodiesterase inhibitors and inhibited by hydroquinone and
haemoglobin (Hutchinson et al. 1987, Ignarro et al. 1987a, Radomski et al. 1987b).
In addition, both substances produced the same characteristic shift in absorption
spectra on combination with haemoglobin (Ignarro et al. 1987a). Final confirmation
that EDRF is nitric oxide came from a study by Palmer ef al. (1987), in which nitric
oxide release, stimulated by bradykinin, was quantified and found to be of the
correct magnitude to account for the relaxation observed in a bioassay strip.

Not all studies support the view that EDRF and nitric oxide are identical. Shikano
et al. (1987) showed that whilst nitric oxide relaxed guinea pig teniae coli muscle,
EDRF did not. A second study found the same to be true of tracheal smooth
muscle, i.e. nitric oxide produced relaxation, EDRF did not (Dusting et al. 1988).
Differences have also been noted in the retention of EDRF and nitric oxide by anion
exchange resins (Long ef al. 1987). Rubanyi (1991) suggested that these anomalous
results could be explained if EDRF were a nitric oxide-containing substance rather
than free nitric oxide. Myers et al. (1990) proposed that the nitrosothiol S-nitro-L-
cysteine, which generates nitric oxide on decomposition, may be such a substance
and demonstrated similarities between it and EDRF. However a more recent study
identified significant differences between the two substances (Feelisch et al. 1994).

2.1.2.2 Synthesis of nitric oxide

Nitric oxide is generated from the terminal guanidino nitrogen of the amino acid L-
arginine by an oxidation reaction (Palmer et al. 1988). Citrulline is produced as a
byproduct and can be recycled back to L-arginine by endothelial cells if required
(Hecker et al. 1990). The generation of nitric oxide by endothelial cells is catalysed
by the enzyme nitric oxide synthase (NOS, Palmer and Moncada 1989), the activity
of which depends upon a number of cofactors including NADPH and calmodulin
(Busse and Miilsch 1990a). There is also a requirement for calcium, which activates
the enzyme by binding to calmodulin. Analogues of L-arginine, such as NC-
monomethyl-L-arginine (L-NMMA) and NG-nitro-L—arginine (L-NOARG), have
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been shown to inhibit nitric oxide production, an effect that can be reversed by an
excess of L-arginine (Palmer ef al. 1988, Rees et al. 1989a, Moore et al. 1990).

Endothelial NOS is a constitutive enzyme i.e. it is already present in cells and
requires no induction (Palmer and Moncada 1989). Two other isoforms of the
enzyme have been described, a neuronal constitutive form and an inducible form
(McCall and Vallance 1992). The neuronal enzyme is similar to the endothelial
isoform, being NADPH and calcium-calmodulin dependent (Bredt and Snyder
1990). The inducible enzyme is slightly different being independent of calcium and
having an additional requirement for the cofactor tetrahydrobiopterin (Tayeh and
Marletta 1989). This enzyme is not normally present in unstimulated cells but can
be induced by exposure to bacterial toxins and cytokines such as interleukin-1f (IL-
1B), tumour necrosis factor-o (TNF-a) and interferon-y (IFN-y, Busse and Miilsch
1990b, Geller et al. 1993). Its expression has been demonstrated in a number of
different cell types, including macrophages (Marletta et al. 1988), neutrophils
(McCall et al. 1989), vascular smooth muscle (Busse and Miilsch 1990b) and
endothelial cells (Radomski et al. 1990). The inducible enzyme is capable of
generating greater quantities of nitric oxide than the constitutive isoform and has
been shown to be important in cell-mediated bacterial killing and tumour cell
cytostasis (Hibbs ef al. 1987, Stuehr and Nathan 1989).

2.1.2.3 Physiological functions of nitric oxide

The study of nitric oxide has been greatly facilitated by the development of specific
inhibitors of NOS and much of the work in this area focuses on the effects of such
substances in vivo. Rees et al. (1989b) demonstrated an increase in arterial blood
pressure following the parenteral administration of L-NMMA to rabbits. This
finding has been confirmed in a number of species (Aisaka et al. 1989, Tolins et al.
1990), including sheep (Tresham ez al. 1991) and suggests that there is a continuous
release of nitric oxide from the endothelium that is important in the modulation of
blood pressure. This basal release of nitric oxide is believed to be dependent on
pulsatile flow and shear stress (Rubanyi et al. 1986) and has been shown to regulate
blood flow to a number of regional vascular beds, including the kidney
(Radermacher et al. 1990, Tolins and Raij 1991), the lungs (Stamler et al. 1994), the
heart (Amezcua et al. 1989, Benyo et al. 1991, Garcia et al. 1992), the
gastrointestinal tract (Gardiner et al. 1990, Santiago et al. 1994) and the brain
(Tanaka ef al. 1991). There is also evidence that nitric oxide modulates limb blood
flow. A study by Vallance et al. (1989a) demonstrated a significant reduction in
forearm blood flow on infusion of L-NMMA into the brachial artery of human
volunteers. This finding has been confirmed in other species (Gardiner et al. 1990,
Kirkebzen et al. 1992, Bellan et al. 1993, White et al. 1993). Agonist-stimulated
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release of nitric oxide may also contribute to the regulation of vascular tone. A
number of vasoconstrictors stimulate the simultaneous release of nitric oxide, which
may serve to modulate the vasoconstrictive response. This has been demonstrated
with noradrenaline, which has been shown to stimulate nitric oxide release via o,-
adrenergic receptors (Cocks and Angus 1983). Inhibition of NOS removed this
moderating influence and enhanced noradrenaline-induced contractions (Kaneko
and Sunano 1993). The vasoconstrictive actions of adenosine triphosphate and
serotonin may also be modified in this way (Burnstock and Kennedy 1986,
Cappelli-Bigazzi ef al. 1991).

It has been suggested that the endothelium is maintained in a thromboresistant state
by the basal release of both nitric oxide and prostacyclin (Gryglewski et al. 1988).
Certainly both agents inhibit platelet aggregation and their release can be increased
by mediators produced by activated platelets, such as serotonin and adenine
nucleotides (Houston et al. 1986). A marked synergism has been demonstrated
between the anti-aggregatory effects of nitric oxide and prostacyclin (Radomski et
al. 1987a) and indeed, the receptor-mediated release of both agents has been shown
to be coupled (De Nucci et al. 1988). Nitric oxide may also inhibit growth factor-
mediated proliferation of vascular smooth muscle, thereby restricting the mitogenic
response to vascular injury (Garg and Hassid 1989).

The endothelium is not unique in its ability to produce nitric oxide and a neuronal
isoform of NOS has been identified in the brain and peripheral nerves (Bredt and
Snyder 1990, Bredt et al. 1990). In the brain, nitric oxide behaves as a second
messenger and has been shown to mediate the increase in cGMP that follows the
combination of the excitatory neurotransmitter glutamate with NMDA receptors
(Wood et al. 1990). There is also evidence that nitric oxide is able to modulate
synaptic transmission. It appears to have a role in the development of long-term
potentiation, a form of synaptic plasticity that is important in learning and memory
(Bohme et al. 1993, Holscher 1997). In addition nitric oxide has been implicated in
the process of neuronal degeneration. Neurones containing NOS have been shown
to be resistant to damage (Koh and Choi 1988, Hope et al. 1991) and it has been
postulated that these neurones, which do not contain ¢cGMP, are able to produce
sufficient nitric oxide to damage neighbouring cells but are themselves unharmed
(Speciale 1993). In the peripheral nervous system, nitric oxide functions as a
neurotransmitter (Sanders and Ward 1992). Non-adrenergic non-cholinergic nerves,
which innervate the gastrointestinal and urogenital tracts, have been shown to relax
visceral smooth muscle through the release of nitric oxide (Gillespie et al. 1989,
Bult et al. 1990).
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The production of nitric oxide is also an important component of the body’s defence
against invading pathogens. Activated macrophages have been shown to generate
cytotoxic quantities of nitric oxide, via expression of inducible NOS (Hibbs e? al.
1987). This mechanism is especially important in combating intracellular parasites,
such as Leishmania (Green et al. 1990) and those which are too large to be
phagocytosed (James and Hibbs 1990).

Nitric oxide has a complex role in inflammation (Moilanen and Vapaatal 1995).
Increases in leukocyte adhesion and microvascular protein leakage have been
recorded following administration of NOS inhibitors, thus constitutive nitric oxide
would appear to have an anti-inflammatory action (Kubes et al. 1991, Kubes and
Granger 1992). However, overproduction of nitric oxide, following expression of
the inducible enzyme, has been shown to increase vascular permeability and
promote oedema (lalenti et al. 1992, Boughton-Smith ef al. 1993). Nitric oxide also
appears to have a dual role in reperfusion injury, with studies demonstrating both
protective (Williams et al. 1995) and damaging effects (Schulz and Wambolt 1995).
Generation of the free radical peroxynitrite may account for much of the tissue
damage associated with overproduction of nitric oxide and is a key feature of a
number of inflammatory diseases (Miller et al. 1995, Sakurai et al. 1995, Grabowski
et al. 1997).

2.1.2.4 The role of nitric oxide in vascular disease

Alterations in the production of nitric oxide have been implicated in the
pathophysiology of a number of vascular diseases. Production may be decreased as
in atherosclerosis and hypertension or increased, as in septic shock.

Endothelium-dependent relaxation has been shown to be impaired in hypertensivé
rats (Konishi and Su 1983, Liischer et al. 1987). Similar changes have been
demonstrated in hypertensive people (Linder et al. 1990, Panza et al. 1990). In
most types of hypertension the cause is a reduction in the production of nitric oxide,
although release of an endothelium-derived contracting factor has been
demonstrated in spontaneous hypertension (Kato et al. 1990). There may also be a
reduction in the sensitivity to nitric oxide, but this is not a consistent finding
(Konishi and Su 1983, Linder et al. 1990). Morphological abnormalities of the
endothelium develop in hypertension and these may be the cause of the altered
function (Haudenschild et al. 1980). However, there is evidence that endothelial
dysfunction may precede the development of hypertension, thereby implying that it
has a pathogenic role (Taddei et al. 1992).

Endothelium-dependent relaxations are also attenuated in atherosclerotic arteries
(Bossaller et al. 1987, Forstermann et al. 1988b) and a decrease in the release of
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nitric oxide has been demonstrated in a bioassay preparation (Guerra et al. 1989).
Oxidised low density lipoproteins, known to accumulate in atherosclerosis, may
mediate this effect by reducing L-arginine availability (Andrews et al. 1987, Tanner
et al. 1991). This accounts for the enhanced endothelium-dependent relaxations that
occur in such vessels following L-arginine supplementation (Creager et al. 1992).
In addition, low density lipoproteins have been shown to inactivate nitric oxide and
this effect may be enhanced by the generation of free radicals (Galle e al. 1991).
Decreased nitric oxide production may also contribute to the proliferation of
vascular smooth muscle that is a feature of both atherosclerosis and hypertension
(Schwartz 1984, Garg and Hassid 1989).

Septic shock can be defined as a state of circulatory collapse that occurs secondary
to sepsis and/or endotoxaemia (Goodwin and Schaer 1989). It is most commonly
associated with gram-negative bacteraemia, although gram-positive bacteria, fungi,
rickettsia and viruses have all been recorded as causes. Clinically, septic shock can
be divided into two phases, a hyperdynamic or compensatory phase, during which
cardiac output increases and a hypodynamic phase characterised by low cardiac
output, severe hypotension and inadequate tissue perfusion (Adams and Wingfield
1992). Although bacterial toxins cause some direct cellular damage (Meyrick
1986), most of the clinical signs of septic shock are believed to result from the
activation of inflammatory mediators, in particular cytokines (Giroir 1993).

The cytokine TNF-a is a key mediator and is produced by activated macrophages
on exposure to endotoxin (Beutler et al. 1986, Sariban ef al. 1988). Plasma levels of
TNF-a have been shown to be elevated in patients with experimental and clinical
endotoxaemia (Van Deventer et al. 1990, MacKay et al. 1991, Marks et al. 1990).
Furthermore, high concentrations have been correlated with lethal outcome
(Calandra et al. 1990). Many of the clinical and histopathological features of septic
shock have been reproduced by administration of TNF-a, thereby emphasising its
pivotal role (Tracey et al. 1986, Tracey et al. 1987b). In addition, anti-TNF-o
antibodies have been shown to provide some protection against the lethal effects of
endotoxaemia (Beutler et al. 1985, Tracey et al. 1987c, Mathison et al. 1988).
Signs of septic shock have also been reproduced by administration of the cytokine
IL-1P and this agent has been shown to act synergistically with TNF-o (Okusawa et
al. 1988).

Tumour necrosis factor-o and IL-1B are pro-inflammatory mediators and their
biological effects have been reviewed by Dinarello (1991), Bellomo (1992) and
Molloy et al. (1993). They induce the production of other cytokines, including the
chemotactic factors interleukin-8, interleukin-9 and neutrophil activating protein-1
(Schroeder et al. 1990). In addition, they induce the expression of phospholipase A,
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and cyclooxygenase, thereby increasing production of secondary inflammatory
mediators such as platelet activating factor (Doebber et al. 1985), leucotrienes and
prostaglandins (Lefer 1985). Both cytokines activate neutrophils and promote their
margination and migration into the tissues through the expression of endothelial cell
adhesion molecules (Bevilacqua et al. 1985, Shalaby et al. 1985, Pohlman et al.
1986). They are also powerful pro-coagulants and can induce microvascular
thrombosis (Bevilacqua et al. 1986). Tumour necrosis factor-o has a number of
catabolic actions that serve to redistribute proteins and fat from the periphery to the
liver (Fong et al. 1989), thereby fuelling synthesis of acute-phase proteins
(Moldawer et al. 1987). In addition, both TNF-a. and IL-1B act as endogenous
pyrogens through the stimulation of hypothalamic prostaglandin synthesis
(Dinarello et al. 1986).

Hypotension is a key feature of end-stage septic shock and has been induced
experimentally by administration of endotoxin or cytokines (Tracey et al. 1986,
Okusawa et al. 1988). Okusawa et al. (1988) found that pre-treatment with a
cyclooxygenase inhibitor attenuated cytokine-induced hypotension, implying that a
cyclooxygenase product, such as prostaglandin E, was responsible for the reduction
in vascular tone. However this finding was not supported by subsequent studies.
Wakabayashi et al. (1987) found that arteries from endotoxin-treated rats exhibited
diminished contractile responses to vasoconstrictors and this was later shown to be
reversed by L-NMMA, an inhibitor of NOS (Julou-Schaeffer et al. 1990).
Cyclooxygenase inhibition did not prevent the development of vascular
hyporesponsiveness. Similarly, incubation with cytokines was shown to inhibit
contraction of isolated arteries by a mechanism that increased smooth muscle
content of cGMP (Beasley et al. 1989, Beasley 1990) and could be prevented by
antagonists of NOS (Busse and Miilsch 1990b). It was therefore hypothesised that
these effects were mediated through increased production of nitric oxide as a result
of induction of the calcium-independent isoform of NOS. Expression of this
enzyme has been demonstrated in vascular endothelial and smooth muscle cells
exposed to endotoxin and/or cytokines (Radomski et al. 1990, Rees et al. 1990).
This theory also accounted for the earlier finding that urinary secretion of nitrate
was increased in septic patients and endotoxin-treated mice (Green et al. 1981,
Wagner et al. 1983, Stuehr and Marletta 1985).

Further evidence that overproduction of nitric oxide contributes to the hypotension
of septic shock has been provided by in vivo studies. Inhibitors of NOS have been
shown to restore arterial blood pressure in endotoxin and cytokine-treated animals
(Thiemermann and Vane 1990, Kilbourn ef al. 1990a). This led to the proposal that
agents such as L-NMMA may be of therapeutic value in the treatment of clinically-
occurring septic shock (Kilbourn et al. 1990b). However, more recent studies have
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questioned the benefits of indiscriminate NOS inhibition (Cobb et al. 1992). L-
NMMA has been shown to reduce cardiac output and this, in combination with
increased peripheral resistance, may reduce regional blood flow (Klabunde and
Ritger 1991). Henderson et al. (1994) confirmed that this was the case in the renal
and mesenteric vascular beds and reduced perfusion of the latter may account for
the increased incidence of intestinal mucosal injury observed in L-NMMA treated-
rats (Hutcheson et al. 1990). Nava et al. (1991) examined the effects of different
doses of L-NMMA in endotoxin-treated rats and found that whilst low doses were
beneficial, high doses were associated with increased mortality. Furthermore,
mortality was shown to be reduced by simultaneous administration of the nitric
oxide donor, S-nitroso-N-acetylpenicillamine (Nava et al. 1992). These findings led
the authors to suggest that whilst inhibition of inducible NOS may be beneficial,
inhibition of the constitutive enzyme, by high doses of L-NMMA, compromises
tissue perfusion. This theory was supported by the finding that pre-treatment with
dexamethasone, which inhibits the expression of inducible NOS (Rees et al. 1990),
reduced mortality in endotoxin-treated rabbits, whereas L-NMMA, which inhibits
both isoforms did not (Wright er al. 1992). As a result of these studies selective
inhibitors of inducible NOS have been sought. Aminoguanidine has an increased
affinity for the inducible enzyme although some authors dispute the extent of its
selectivity (Griffiths et al. 1993, Misko et al. 1993, Laszlo et al. 1995). Reports of
its use in experimental endotoxaemia are promising. Wu et al. (1995) demonstrated
a dramatic increase in the survival rate of endotoxin-treated rats following
administration of aminoguanidine. No such effect was observed with N-nitro-L-
arginine methyl ester, a non-specific NOS inhibitor. Newer more selective agents,
such as N6-iminoethy1-L-lysine (Moore et al. 1994) and 2-amino-4-methylpyridine
(Faraci et al. 1996) have been developed but their value in the therapy of septic
shock has yet to be evaluated.

The biological functions of the different isoforms of NOS have been clarified by the
development of gene “knockouts”. Mice that lack the gene for inducible NOS have
been shown to be resistant to endotoxin-induced mortality (Wei et al. 1995). In
addition, they exhibit increased susceptibility to bacterial and protozoal infections
- and are less able to restrain the growth of tumour cells (Wei et al. 1995,
MacMicking et al. 1995). Huang et al. (1995) showed that mice lacking endothelial
NOS are hypertensive, thus confirming the role of the constitutive enzyme in the
regulation of blood pressure.
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2.1.3 Endothelium-derived hyperpolarizing factor

Rubanyi and Vanhoutte (1987) proposed that the endothelium may release more
than one relaxing factor after demonstrating that acetylcholine-induced relaxation
had distinct transient and sustained phases. The transient phase was mediated via
activation of M;-muscarinic receptors, whilst M,-receptors mediated the sustained
response. In addition, the two responses were subject to different inhibitory
influences (Rubanyi et al. 1985, Rubanyi et al. 1987, Chen et al. 1988). The
transient phase was associated with hyperpolarization of the smooth muscle
membrane (Komori and Suzuki 1987) and this was subsequently shown to be
mediated by a diffusible factor released from the endothelium, i.e. endothelium-
derived hyperpolarizing factor (Félétou and Vanhoutte 1988, Chen et al. 1991).
Endothelium-dependent hyperpolarizations have since been demonstrated in a
variety of vessels, from small resistance arteries to large conducting arteries
(Adeagbo and Triggle 1993, Kilpatrick and Cocks 1994).

Endothelium-derived hyperpolarizing factor (EDHF) has been shown to produce
hyperpolarization by activation of a variety of potassium channels (Waldron et al.
1996) and this in turn causes inactivation of voltage-sensitive calcium channels,
thereby inhibiting contraction (Nelson and Quayle 1995). The identity of EDHF has
yet to be established (Mombouli and Vanhoutte 1997). A small number of
endothelium-dependent hyperpolarizations have been shown to be mediated by
nitric oxide (Tare et al. 1990) and prostacyclin (Parkington et al. 1993), although
most are unaffected by inhibitors of NOS and cyclooxygenase (Garland et al. 1995).
Other potential options include epoxyeicosatrienoic acids formed from arachidonic
acid by the action of cytochrome P,s, monooxygenases (Campbell et al. 1996),
endogenous cannabinoids (Randall et al. 1996), carbon monoxide (Morita et al.
1995) and reactive oxygen species, such as hydroxyl radicals (Rosenblum 1987).

2.1.4 Endothelium-derived contracting factors

The endothelium is a source of a variety of vasoactive factors, some of which have
been shown to mediate contraction (Vanhoutte et al. 1991, Liischer et al. 1992).
Endothelium-dependent contraction has been demonstrated in association with a
number of stimuli, including anoxia (De Mey and Vanhoutte 1981), increased
transmural pressure (Harder et al. 1987), mechanical stretch (Katusic et al. 1987),
cyclooxygenase precursors (Miller and Vanhoutte 1985) and agonists such as
acetylcholine and calcium ionophore A23187 (Katusic et al. 1988).

A proportion of these contractions can be blocked by cyclooxygenase inhibitors,
implying that they are mediated by cyclooxygenase products. Three such mediators
have been identified. Thromboxane A, has been shown to mediate some of the
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endothelium-dependent contractions to acetylcholine and calcium ionophore
A23187 (Altiere et al. 1986, Katusic ef al. 1988), whilst acetylcholine-induced
contractions in spontaneously hypertensive rats have been attributed to
prostaglandin H, (Toda et al. 1988, Kato et al. 1990). A third contracting factor is
superoxide anion, generated when cyclooxygenase is activated (Kukreja et al. 1986,
Katusic and Vanhoutte 1989).

2.1.4.1 Endothelin

Cultured endothelial cells were known to release a vasoconstrictor substance that
was not blocked by cyclooxygenase inhibition (Hickey et al. 1985). This substance
proved to be endothelin, the 21 amino acid peptide characterised by Yanagisawa et
al. (1988). Three isoforms of the peptide have been identified but endothelial cells
appear only to release endothelin-1 (Inoue et al. 1989). Endothelin-1 is a potent
vasoconstrictor of isolated blood vessels (Hickey et al. 1985, Yanagisawa et al.
1988) and it produces a sustained increase in blood pressure when administered to
experimental animals (Goetz et al. 1988, Clarke et al. 1989). Endothelin is
generated from the precursor peptides preproendothelin and proendothelin
(Yanagisawa and Masaki 1989). Production is increased by exposure to a variety of
stimuli, including the vasopressor hormones adrenaline and angiotensin II,
substances released by aggregating platelets such as transforming growth factor p,
thrombin and the cytokine IL-1f (Yanagisawa and Masaki 1989, Moon et al. 1989,
Yoshizumi et al. 1990). Notable amongst the agents that inhibit endothelin
production are nitric oxide and prostacyclin (Boulanger and Liischer 1990,
Yokokawa et al. 1991). Conversely, endothelin can initiate release of nitric oxide
(Warner et al. 1989).

The interactions between endothelin and nitric oxide have implications for vascular
disease, in particular we might expect decreased release of nitric oxide to promote
endothelin production. However, elevated circulating levels of endothelin are an
inconsistent finding in hypertension (Davenport et al. 1990, Saito et al. 1990).
Similarly, attempts to demonstrate an altered sensitivity to endothelin in this
condition have yielded conflicting results (Tomobe et al. 1988, Dohi et al. 1991).
The finding that phosphoramidon, an endothelin converting enzyme inhibitor,
significantly reduced blood pressure in spontaneously hypertensive rats, supports
the theory that endothelin contributes to raised vascular resistance (McMahon et al.
1991). There is also evidence that endothelin contributes to the vasospastic
tendency of atherosclerotic vessels. Circulating levels of endothelin are more
consistently raised in this disease (Rainer et al. 1990, Lerman et al. 1991) and
oxidised low density lipoproteins have been shown to induce expression of
preproendothelin messenger RNA, thereby increasing endothelin production
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(Boulanger et al. 1992). Furthermore, endothelin may promote vascular smooth
muscle proliferation (Simonson ef al. 1989).

2.1.5 Aims of the study

Clearly, the endothelium is far more than a simple cellular lining, it has an important
paracrine function modulating vascular tone through the synthesis and release of
vasoactive mediators. Alterations in this function occur in a number of disease
states and may contribute to the development of laminitis in ungulate species
(Section 1.4.1). Thus, the aim of this study was to characterise the role of the
endothelium and its products in the regulation of ovine digital artery tone in vitro.
The responses to phenylephrine, bradykinin, acetylcholine and sodium nitroprusside
were characterised by studying the effects of endothelium-removal and inhibition of
NOS and/or cyclooxygenase.

Endotoxin has been implicated in the pathogenesis of laminitis, as have
proinflammmatory cytokines (Section 1.6.1). These agents have been shown to
alter the responsiveness of isolated rat arteries to vasoactive mediators (Beasley
1990). Therefore, the second aim of this study was to examine the effect of these
agents on the vascular responses of the ovine digital artery. Responses to
phenylephrine and bradykinin were examined after incubation of isolated arterial
rings with endotoxin and combinations of cytokines.
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2.2 Materials and methods

2.2.1 Collection and preparation of tissues

Sheep digital arteries were obtained from a local abattoir. Distal forelimbs,
disarticulated at the carpus, were collected from sheep, recently killed by stunning
and exsanguination. The skin over the palmar-medial aspect of the metacarpus was
incised and the median artery was identified and sectioned. A second incision was
made distally across the skin and soft tissues just above the bulbs of the heels. This
incision was sufficiently deep to section the palmar proper digital arteries at the
level of the proximal interphalangeal joint. The median artery was then cannulated
with a 24 gauge teflon catheter (Vygon UK Ltd., Cirencester, Gloucestershire, U.K.)
and flushed with approximately Sml of refrigerated oxygenated Krebs solution.

After transport to the laboratory, the remaining skin of the palmar aspect of the
distal limb was reflected to permit identification of the palmar common digital
artery, a continuation of the median artery. A 5-7cm section of this artery, from just
below the point of catheterisation to the level at which bifurcation into proper digital
arteries occurs, was dissected free and placed in refrigerated oxygenated Krebs
solution in a petri dish. A fine dissection was then performed to clear away the
loose connective tissue surrounding the artery. Arterial rings, 2-3mm long, were
prepared from the distal portion of the artery using a No. 11 scalpel blade (Swann
Morton, Merck Ltd., Poole, Dorset, U.K.). Where necessary, arterial rings were
denuded of endothelium by gently rubbing the internal surface of the artery with a
wooden cocktail stick (Miller et al. 1984). The efficiency of this procedure was
assessed by histological examination of rubbed and unrubbed arteries (Section
2.2.7).

2.2.2 Drugs and solutions

2.2.2.1 Krebs Solution

A stock solution was prepared by dissolving 344.77g of sodium chloride (NaCl),
17.00g of potassium chloride (KCl), 18.67g of calcium chloride 2-hydrate
(CaCl,.2H,0), 8.10g potassium dihydrogen orthophosphate (KH,PO,) and 14.66g
magnesium sulphate 7-hydrate (MgSO,.7H,0) in distilled water to give a final
volume of SL. This stock solution was stored at room temperature for up to 8
weeks. Working Krebs solution was prepared by mixing 10.00g of glucose, 10.50g
of sodium hydrogen carbonate (NaHCO;) and 500ml of stock solution with
sufficient distilled water to give a final volume of SL.. The resulting Krebs solution
was stored in a refrigerator at approximately 4°C for a maximum of 48 hours and
had the following composition (mM): NaCl 118, KCl 4.57, CaCl, 1.27, KH,PO,
1.19, MgSO, 1.19, NaHCO; 25 and glucose 11.1. All ingredients were BDH
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AnalaR reagents obtained from Merck Ltd. (Poole, Dorset, U.K.). Where necessary,
the Krebs was oxygenated by bubbling a mixture of 95% oxygen and 5% carbon
dioxide (Special Gases Group, Air Products, Crewe, U.K.) through the solution for
at least 10 minutes.

2.2.2.2 Phosphate buffered saline

Phosphate buffered saline was prepared by dissolving 10 phosphate buffered saline
tablets (Unipath Ltd., Basingstoke, Hampshire, U.K.) in 1L of distilled water. After
preparation, the pH of the solution was checked with a Kent 7065 digital pH meter
(R. & J. Wood Laboratory Supplies, Paisley, Scotland, U.K.) and if necessary,
adjusted to pH 7.4 by adding 2M hydrochloric acid or 2M sodium hydroxide (Merck
Ltd., Poole, Dorset, U.K.). The solution was then autoclaved.

2.2.2.3 Drugs

Acetylcholine chloride, L-arginine hydrochloride, bradykinin acetate, indomethacin,
NG-nitro-L-arginine methyl ester hydrochloride (L-NAME), phenylephrine
hydrochloride, polymyxin B sulfate, prazosin hydrochloride and sodium

nitroprusside dihydrate were all purchased from Sigma Chemical Company (Poole,
Dorset, U.K.). '

~ Solutions of acetylcholine, L-NAME, phenylephrine, polymyxin and sodium
nitroprusside were freshly prepared on the morning of the experiment by dissolving
the drug in sterile phosphate buffered saline. Solutions were stored on ice, prior to,
and during the experiment. Aliquots of sodium nitroprusside were wrapped in tin
foil to prevent inactivation by sunlight. Stock solutions of the remaining drugs were
stored at -20°C and were thawed prior to use. A 10”M stock solution of bradykinin
was prepared in phosphate buffered saline and frozen in 400pl aliquots. Warming
was required to prepare a 1M stock solution of L-arginine in phosphate buffered
saline. This was also frozen in 400ul aliquots. Prazosin and indomethacin were
initially dissolved in 100% ethanol to give 10°M stock solutions. These were
further diluted to 10°M in phosphate buffered saline before freezing.

2.2.2.4 Endotoxin

Lipopolysaccharide extracted from Escherichia coli, serotype 055:BS, was
purchased from Sigma Chemical Company (Poole, Dorset, U.K.). Solutions were
prepared in phosphate buffered saline on the morning of the experiment and were
stored in the refrigerator in polystyrene tubes, prior to use.

2.2.2.5 Cytokines

Human recombinant interferon-y (IFN-y), interleukin-1f (IL-1B) and tumour
necrosis factor-a (TNF-a) were purchased from Sigma Chemical Company (Poole,
Dorset, U.K.). Interferon-y was reconstituted in sterile phosphate buffered saline to
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give a solution of 10pug/ml. Interleukin-13 was reconstituted in phosphate buffered
saline containing 1% bovine serum albumin to give a 10pug/ml solution. Tumour
necrosis factor-o. was supplied as a 10pug/ml solution in phosphate buffered saline
containing 0.1% bovine serum albumin. All solution were divided into aliquots and
stored at -20°C.

2.2.2.6 Culture medium

Digital arterial rings were incubated in Medium 199 with Earle’s salts, glutamine
and 25mM Hepes buffer (GibcoBRL, Life Technologies Ltd., Paisley, Scotland,
U.K.) during prolonged exposure to endotoxin and cytokines.

2.2.3 Measurement of isometric tension in isolated digital arteries

The digital arterial rings were mounted between stainless steel wires in 10ml tissue
baths containing warm (30°C), oxygenated Krebs (Figure 2.2.1). A temperature of
less than 37°C was selected to reduce spontaneous activity of the vascular smooth
muscle (Elliott et al. 1994). The lower wire was fixed in position, whilst the upper
wire was attached to an FT03 force-displacement transducer (Grass Instrument
Company, Massachusetts, U.S.A.), which measured isometric tension. The output
from each of the transducers was relayed via a pre-amplifier to a 4 channel
Multitrace pen recorder (Lectromed UK Ltd., Letchworth, Hertfordshire, U.K.). In
a small number of experiments a polygraph (Grass Model 7E, Grass Instrument
Company, Massachusetts, U.S.A.) was used in place of the pre-amplifier and pen
recorder. Prior to each experiment the transducers were calibrated at 2 different
sensitivities using a selection of standard weights.

Once suspended, the arterial rings were stretched to a tension of 2g and allowed to
equilibrate for 2 hours before beginning the experiment. During equilibration, fresh
Krebs solution was added every 30 minutes and vessel tension, which tended to fall,
was adjusted back to 2g. This degree of passive stretch was chosen on the basis of
preliminary experiments, which showed phenylephrine responses to be optimal at a
tension of 2g. Increasing stretch to 4g did increase the maximum response but the
contractions tended to be unstable. After equilibration, vessel viability was assessed
by adding phenylephrine. Those vessels that produced less than 2g of tension in
response to 10°M phenylephrine were not used. The vessels were then washed with
fresh Krebs solution to allow tension to fall to baseline before beginning an
experiment. On completion of an experiment, all arterial rings were removed from
the tissue bath and weighed whilst still wet.
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2.2.4 Experimental Design

2.2.4.1 Effect of endothelium removal

Cumulative concentration-response curves to the vasoconstrictor agent
phenylephrine (10'9 to 3x10'4M) were constructed in (i) intact and (ii) endothelium-
denuded digital arterial rings. Tension was allowed to stabilise before each new
dose of drug was added. Once the dose-response curves were completed the vessels
were washed several times with fresh Krebs and tension was allowed to fall to
baseline. A second experiment was conducted to confirm that the contraction
produced in response to phenylephrine was mediated via o;-adrenergic receptors.
Both intact and endothelium-denuded digital arterial rings were pre-incubated for 20
minutes with (i) no additions, i.e. time-based control, or (ii) the «o,-adrenergic
receptor antagonist prazosin (10"7M). All contractile responses were expressed as
tension in g/g tissue wet weight.

To investigate vasodilator responses, the arterial rings were first contracted using
phenylephrine (6x10"M). This dose gave approximately 50% of the maximum
response, as determined above. Once the contraction stabilised, cumulative
concentration-response curves to bradykinin (10'10 to 3x10'6M), acetycholine (10'9
to 10'3M) and sodium nitroprusside (1'0'9 to 3x10'4M) were constructed in (i) intact
and (ii) endothelium-denuded digital arterial rings. As for phenylephrine, tension
was allowed to stabilise before each new dose of drug was given. The relaxant
response to bradykinin failed to stabilise and transient relaxation gave way to
contraction, making construction of a cumulative dose-response curve difficult.
Dose-response curves for bradykinin were therefore repeated in a non-cumulative
fashion, each dose of bradykinin being added to a stable contraction produced by
6x10"M phenylephrine. All relaxant responses were expressed as the percentage
change in tension, i.e. the tension change (g/g) as a percentage of the phenylephrine;
induced tension (g/g).

2.2.4.2 Effect of nitric oxide synthase and/or cyclooxygenase inhibition

These experiments were all conducted in intact, i.e. unrubbed, digital arterial rings.
As above a contraction of > 2g tension in response to 10°M phenylephrine, was
taken to indicate a viable vessel. The integrity of the endothelium was checked
using bradykinin (10'8M), only vessels that relaxed by 10% or more were used
further.

Arterial rings were pre-incubated for 20 minutes with (i) no additions, (ii) the
cyclooxygenase inhibitor indomethacin (10°M), (iii) the nitric oxide synthase
inhibitor L-NAME (3x10*M) or (iv) both indomethacin (10°M) and L-NAME
(3x10*M). Concentration-response curves to phenylephrine (10° to 3x10“M),
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bradykinin (3x10'l° to 10”"M) and sodium nitroprusside (10'9 to 3x10°M) were then
constructed, as described previously.

In a second experiment, bradykinin dose-response curves were compared in digital
arteries pre-incubated with (i) no additions, (ii) L-arginine (IO'ZM), a substrate for
nitric oxide, (iii) L-NAME (3x10™*M) or (iv) both L-arginine (10°M) and L-NAME
(3x107*M).

2.2.4.3 Effect of incubating digital arterial rings with endotoxin

In a preliminary experiment, the effect of the endotoxin-binding agent polymyxin on
digital artery vascular responses was investigated. Arterial rings were pre-incubated
for 20 minutes with (i) no additions or (ii) 10pg/ml polymyxin and dose-response
curves to phenylephrine (10'9 to 3x10'4M) and bradykinin (10'10 to 10'7M) were
determined.

For the main experiment, digital arterial rings were suspended in the tissue bath and
bathed in warm (30°C), oxygenated Krebs, containing (i) 10pg/ml polymyxin, i.e.
time-based control or (ii) 3pug/ml endotoxin, for 6 hours. During the incubation
period, passive tension was maintained at 2g and the Krebs solution + endotoxin or
polymyxin, was changed every 30 minutes. Following incubation, dose-response
curves to phenylephrine (10” to 3x10™*M ) and bradykinin (3x10° to 107M) were
obtained. Samples of the Krebs solution were taken from both control (minus
polymyxin) and endotoxin-treated tissue baths and were stored at -20°C prior to
being assayed for endotoxin content (Section 2.2.6).

In a second experiment, vessels were stored in refrigerated oxygenated Krebs for
approximately 7 hours before being transferred to 10ml Medium 199 containing
either (i) endotoxin (10pg/ml) or (ii) polymyxin (10pug/ml). The arterial rings were
incubated at 37°C for approximately 16 hours in a cell culture incubator (5% CO,),
before being suspended in the tissue bath and equilibrated as previously described.
In this experiment, vessels were not discarded if they failed to produce 2g of tension
in response to 10°M phenylephrine or failed to relax to 10°M bradykinin.
Cumulative concentration-response curves to phenylephrine were constructed in
both endotoxin (10ug/ml) and polymyxin-treated (10ug/ml) arteries.

2.2.4.4 Effect of incubating digital arterial rings with cytokines

The 2 experiments used to investigate endotoxin effects were repeated here,
substituting cytokines for endotoxin. Thus, dose-response curves to phenylephrine
(107 to 3x10™*M ) and bradykinin (3x10™"° to 10"M) were compared in arterial rings
pre-incubated for 6 hours in warm (30°C), oxygenated Krebs with (i) 10ug/ml
polymyxin or (ii) IFN-y (10ng/ml) and TNF-a (Sng/ml). Also, the phenylephrine
dose-response curve was examined after a 16 hour incubation in Medium 199 at
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37°C, containing either (i) polymyxin (10pg/ml) or the cytokine mixture IFN-y
(10ng/ml), IL-1p (20ng/ml) and TNF-a (5ng/ml).

2.2.5 Data analysis

Concentration-response curves were constructed by plotting either tension or
percentage change in tension against the logarithm of drug concentration. A non-
linear curve-fitting package (Origin 4.1, Microcal Software Inc., Massachusetts,
U.S.A.) was used to fit the curves to the Boltzman equation:

y=A-=A t A
1+ e(x—xo)/dx

where A; = initial y value
A, = final y value

X, = centre x value
dx = width

This permitted derivation of the maximum response (E,,,), which is equal to A, and
the ECsg, which is given by x,. Mean E,,, and mean ECs, values were calculated
for each treatment group and parallel control and these parameters were compared
by one-way analysis of variance (Minitab for Windows 10.2, Minitab Inc.,
Pennsylvania, U.S.A.). A p-value of less than 0.05 was taken to indicate a
statistically significant difference. Where necessary, results were further analysed
by Tukey’s pairwise comparisons (Minitab for Windows 10.2).

The results for section 2.3.3.1 are expressed as ranges due to the small sample size.
All other results are expressed as mean values + SEM.

2.2.6 Endotoxin assay

To investigate the effect of endotoxin on vascular reactivity, endotoxin must be
absent from the control Krebs solution. Since endotoxin contamination is common
it was necessary to estimate the amount of endotoxin in control and treated
samples. An E-Toxate kit (Sigma Chemical Company, Poole, Dorset, U.K.) was
purchased for this purpose. The reagent used in this kit is a lysate of circulating
amoebocytes from the horseshoe crab, Limulus polyphemus. This lysate (LAL) gels

when exposed to endotoxin, allowing detection and semi-quantitation of the amount
of endotoxin present.

The reagent is very sensitive and therefore endotoxin-free equipment was required.
Glassware was soaked overnight in a 1% solution of an alkaline detergent, E-Toxa-

Clean (Sigma Chemical Company). It was then thoroughly rinsed in distilled water,
dried in a hot-air oven and finally autoclaved.
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E-Toxate working solution, i.e. the lysate, was reconstituted using endotoxin free
water according to the manufacturers instructions, and was stored on ice prior to
use. The endotoxin standard was also reconstituted and was mixed vigorously for
at least 2 minutes, using a vortex mixer. From this stock solution, a series of 9
standard dilutions were prepared and stored in the refrigerator.

2.2.5.1 Determination of LAL assay sensitivity

Lysate was added to the standard endotoxin dilutions in order to determine the
lowest concentration of endotoxin that gave a positive test result, a positive result
being the formation of a hard gel that was not disrupted by complete inversion of
the assay tube.

2.2.5.2 Detection and semi-quantitation of endotoxin in samples

Three samples were assayed, a sample of Krebs from a control tissue bath (prior to
addition of polymyxin), a sample of Krebs from a tissue bath to which 3pg/ml
endotoxin had been added and a sample of distilled water from which the Krebs
solution was prepared. Firstly, lysate was added to the undiluted samples to detect
any endotoxin present. A positive control, to screen for lysate inhibitors and a
negative control, to check for contamination, were also included. The tissue bath
samples were serially diluted, 1/2, 1/4, 1/8, 1/16, 1/32 etc. and these dilutions were
tested for endotoxin to determine the greatest dilution which still gave a positive
result. The endotoxin concentration was then estimated from the following
equation:

endotoxin (EU/ml) = lowest conc. of endotoxin standard to give a +ve result

greatest dilution of sample to yield a +ve result

All samples and dilutions were assayed in duplicate and where one positive and one
negative result were obtained a third test was performed. Negative controls, i.e.
endotoxin free water plus lysate, were included in each batch of assayed samples.

2.2.7 Histological examination

Rubbed and unrubbed digital arterial rings were fixed by immersion in a 10%
solution of formalin for a minimum of 48 hours. The tissues were dehydrated,
cleared with xylene and then embedded in paraffin wax. Transverse cross-sections
of the arteries were prepared and stained with either haematoxylin and eosin or
Verhoeff’s haematoxylin, which highlights the internal elastic lamina. In addition,
some sections were stained for Von Willebrand’s factor, which is associated
specifically with endothelial cells. Standard methods were used (Smith and Bruton
1978, Junqueira et al. 1995).
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2.3 Results

2.3.1 Effect of endothelium removal

2.3.1.1 Phenylephrine

Cumulative dose-response curves to phenylephrine were constructed in intact, i.e.
unrubbed, and endothelium-denuded, i.e. rubbed, ovine digital arteries (Figure
2.3.1). Removal of the endothelium slightly increased E,,x from 2107 + 76g/g (n =
12) to 2188 + 129¢g/g (n = 12), and decreased log ECsy from -6.13 = 0.07 (n = 12) to
629 + 0.05 (n = 12). However, these changes failed to reach statistical
significance.

Pre-incubation with prazosin (10"M), a specific a;-adrenergic receptor antagonist,
shifted the phenylephrine dose-response curves to the right in both rubbed and
unrubbed ovine digital arteries (Figure 2.3.2). Prazosin did not significantly alter
the E,,, values, but log ECs, was significantly increased from -5.88 + 0.07 (n = 6) to
-3.34 £ 0.13 (n = 6) in unrubbed arteries (p < 0.001), and from -5.92 + 0.03 (n = 6)
to -3.49 + 0.09 (n = 6) in rubbed arteries (p < 0.001).

2.3.1.2 Bradykinin

Cumulative dose-response curves to bradykinin were constructed in rubbed and
unrubbed ovine digital arteries (Figure 2.3.3). In the presence of an intact
endothelium bradykinin induced transient relaxation followed by contraction. This
contraction interfered with the construction of a cumulative dose-response curve and
necessitated repeating the dose-response curves in a non-cumulative fashion (Figure
2.3.4). Only the non-cumulative data were analysed further. Removal of the
endothelium abolished the relaxant response to bradykinin, however contraction still
occurred. Thus E,,, increased from -61.8 + 7.4% (n = 8) in unrubbed arteries to
76.0 + 12.1% (n = 8) in rubbed arteries (p < 0.001). The log ECs, values for the
relaxant (-8.68 + 0.13, n = 8) and contractile responses (-7.91 = 0.27, n = 8) were
also significantly different (p = 0.022).

2.3.1.3 Acetylcholine

Cumulative dose-response curves to acetylcholine were constructed in rubbed and
unrubbed ovine digital arteries (Figure 2.3.5). Acetylcholine induced a variable
relaxant response in unrubbed arteries and curve-fitting was only possible in 15 out
of 18 dose-response curves. This yielded an E,,, of -16.1 £+ 12.1% and a log ECj,
of -5.52 £ 0.24. No response was recorded in arteries from which the endothelium
had been removed.
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Figure 2.3.1. Cumulative phenylephrine (PHE) dose-response curves
in rubbed and unrubbed ovine digital arteries. Each curve represents
the mean values (= SEM) of 12 vessels from 6 animals.
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Figure 2.3.2. The effect of pre-incubation with prazosin (10"M) on
the phenylephrine (PHE) dose-response curve in rubbed and unrubbed
ovine digital arteries. Each curve represents the mean values (:SEM)
for 6 vessels from 6 animals.
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Figure 2.3.3. Cumulative bradykinin (BK) dose-response curves in

rubbed and unrubbed ovine digital arteries pre-contracted with 6x10"M
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Figure 2.3.4. Non-cumulative bradykinin (BK) dose-response curves
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2.3.1.4 Sodium nitroprusside

Removal of the endothelium did not significantly alter the dose-response curve to
sodium nitroprusside (Figure 2.3.6). Whilst log ECs, decreased slightly, from -6.56
+0.19 (n=7) t0 -6.68 £ 0.15 (n = 7), E,,, values were similar, i.e. -103.6 + 1.2% (n
= 7) in unrubbed arteries and -103.8 + 0.5% (n = 7) in rubbed arteries.

2.3.2 Effect of nitric oxide synthase and/or cyclooxygenase inhibition

2.3.2.1 Phenylephrine

Cumulative dose-response curves to phenylephrine were conducted in ovine digital
arteries pre-incubated with 3x10™*M NG-nitro-L-arginine methyl ester (L-NAME), a
nitric oxide synthase inhibitor, and/or 10°M indomethacin, a cyclooxygenase
inhibitor (Figure 2.3.7). Dose-response curve parameters were not significantly
altered by L-NAME, however, indomethacin both alone and in combination with L-
NAME, significantly reduced the log ECs, from -6.22 + 0.08 (n = 8) to -6.55 £ 0.07
(n =7) and -6.68 + 0.05 (n = 6) respectively. No significant changes in E,, were
recorded.

2.3.2.2 Bradykinin

Non-cumulative dose-response curves to bradykinin were constructed in ovine
digital arteries pre-incubated with 3x10“M L-NAME and/or 10°M indomethacin
(Figure 2.3.8). Treatment with L-NAME significantly decreased the maximum
relaxation to bradykinin, reducing E,,, from -61.7 £ 5.6% (n=6) t0 -34.0 £ 2.1% (n
= 7). Whilst indomethacin alone had no significant effect on the dose-response
curve parameters, when combined with L-NAME it produced a further significant
decrease in E,, from -34.0 £ 2.1% (n = 7) to -9.6 £ 2.7% (n = 7). No significant
changes in log EC5, were recorded.

Non-cumulative dose-response curves to bradykinin were also determined following
pre-incubation with 3x10*M L-NAME and/or 10°M L-arginine (Figure 2.3.9).
Treatment with L-NAME significantly reduced E,, from -71.3 + 6.0% (n = 6) to -
30.7 + 8.0% (n = 7) and increased log ECs, from -8.80 + 0.12 (n = 6) to -8.14 = 0.13
(n=7). However, these effects were not observed when L-NAME was combined
with L-arginine and the E,, (-55.3 + 4.2%, n = 6) and ECs; (-8.49 £ 0.12, n = 6) for
the combination were not significantly different from control. L-arginine alone did
not significantly alter dose-response curve parameters.

2.3.2.3 Sodium nitroprusside

Pre-incubation with 3x10*M L-NAME and/or 10°M indomethacin did not
significantly alter sodium nitroprusside dose-response curves (Figure 2.3.10). There
was however a tendency for log ECs, to decrease, from -6.46 £ 0.12 (n = 6) in
control arteries, to -6.72 + 0.06 (n = 6) in indomethacin-treated arteries, -6.70 + 0.15
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Figure 2.3.7. The effect of pre-incubation with indomethacin (10°M)
and/or N%nitro-L-arginine methyl ester (L-NAME, 3x10*M) on the

phenylephrine (PHE) dose-response curve in ovine digital arteries. Each
curve represents the mean values (£ SEM) of 6-8 vessels from 6-8 animals.
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Figure 2.3.8. The effect of pre-incubation with indomethacin (10°M) and/or
NCnitro-L-arginine methyl ester (L-NAME, 3x10“M) on the bradykinin (BK)
dose-response curve in ovine digital arteries pre-contracted with 6x10"M
phenylephrine. Each curve represents the mean values (SEM) of 6-7 vessels
from 6-7 animals.
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Figure 2.3.9. The effect of pre-incubation with L-arginine (1 0M) and/or
NC-nitro-L-arginine methyl ester (L-NAME, 3x10™“M) on the bradykinin (BK)
dose-response curve in ovine digital arteries pre-contracted with 6x10"M
phenylephrine. Each curve represents the mean values (:SEM) of 6-7 vessels
from 6-7 animals.
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PHENYLEPHRINE
n ECSO p Emax p
log[PHE(M)] g/g
UNRUBBED 12 -6.13+£0.07 0.087 2107+76 0.591
RUBBED 12 -6.29+0.05 2188 + 129
UNRUBBED CONTROL 6 -5.88 £ 0.07 <0.001 2218+108 0.370
UNRUBBED PRAZOSIN 6 -3.34+0.13* 2017 £ 185

RUBBED CONTROL 6 -5.92 £ 0.03 <0.001 2221+197 0.339

RUBBED PRAZOSIN 6 -3.49 £ 0.09* 1990 + 117
CONTROL 8 -6.22 = 0.08 0.005 2479+213 0.871
INDO 7 -6.55+£0.07* 2603 + 349
L-NAME 7 -6.37+0.12 2732 £ 251
INDO + L-NAME 6 -6.68 + 0.05* 2731+ 149

Table 2.3.1. The effects of endothelium removal or treatment with antagonists on
phenylephrine (PHE) dose-response curve parameters in ovine digital arteries.

The effects of prazosin (10'7M), indomethacin (INDO, 10'5M) and NG-njtro-L—arginine
methyl ester (L-NAME, 3x10™*M) were studied.

Data are expressed as mean values + SEM.

P-values were determined by one-way analysis of variance and p < 0.05 was considered
statistically significant. Where necessary, results were further analysed by Tukey’s pairwise
comparisons.

* indicates results are significantly different from control group
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BRADYKININ
n ECSO P Emax P
log [BK(M)] %

UNRUBBED 8 -8.68 +£0.13 0.022 -61.8+74 <0.001
RUBBED 8 -7.91 £0.27* 76.0x£12.1*
CONTROL 6 -8.89 +0.15 0.035 -61.7+5.6 <0.001
INDO 7 -8.92 +0.16 -51.0+5.5
L-NAME 7 -8.56 £ 0.20 340+£2.1*
INDO + L-NAME 7 -8.18 £0.22 0.6 £2.8*°
CONTROL 6 -8.80+0.12 0.004 -71.3+6.0 0.004
L-ARG 6 -8.78 £ 0.15 -61.6+8.9
L-NAME 7 -8.14 £ 0.13* -30.7 + 8.0*
L-ARG + L-NAME 6 -55.3+4.2

-8.49+0.12

Table 2.3.2. The effects of endothelium removal or treatment with antagonists on

bradykinin (BK) dose-response curve parameters in ovine digital arteries.

The effects of indomethacin (INDO, IO'SM), NG—nitro-L~arginine methyl ester

(L-NAME, 3x104M) and L-arginine (L-ARG, 10'2M) were studied.
Data are expressed as mean values + SEM.

P-values were determined by one-way analysis of variance and p < 0.05 was considered

statistically significant. Where necessary, results were further analysed by Tukey’s pairwise

comparisons.

* indicates results are significantly different from unrubbed or control group
° indicates results are significantly different from L-NAME group
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SODIUM NITROPRUSSIDE
n  ECs p Emax p
log [SNP(M)] %

UNRUBBED 7  -6.56+0.19 0.630 -103.6+x12 0.860
RUBBED 7  -6.68+0.15 -103.8+0.5
CONTROL 6 -6.46+0.12 0.158 -1063+09 0273
INDO 6  -6.72+0.06 -1042+1.7
L-NAME 6  -6.70+0.15 -103.4+ 0.6
INDO + L-NAME 6  -6.80+0.05 -105.8+ 1.1

Table 2.3.3. The effects of endothelium removal or treatment with antagonists on

sodium nitroprusside (SNP) dose-response curve parameters in ovine digital arteries.

The effects of indomethacin (INDO, 10'5M) and NG—nitro-L-arginine methyl ester
(L-NAME, 3x10*M) were studied.

Data are expressed as mean values + SEM.

P-values were determined by one-way analysis of variance and p < 0.05 was considered
statistically significant. Where necessary, results were further analysed by Tukey’s pairwise
comparisons.
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(n = 6) in L-NAME-treated arteries and -6.80 + 0.05 (n = 6) in arteries incubated
with both inhibitors.

The data from sections 2.3.1 and 2.3.2 are summarised in Tables 2.3.1-3.

2.3.3 Effect of incubation with endotoxin

2.3.3.1 Effect of incubation with polymyxin

Dose-response curves to phenylephrine (Figure 2.3.11) and bradykinin (Figure
2.3.12) were constructed in ovine digital arteries incubated for 20 minutes with or
without 10pg/ml polymyxin. Phenylephrine E_,, and log ECs, values for control
arteries ranged from 2501 to 2561g/g and from -5.89 to -6.09, respectively (n = 2).
These parameters were not significantly different in polymyxin-treated arteries
(2081 to 2556g/g, -5.61 to -6.28, n = 2). Likewise control (-34.2 to -39.8%, -7.75 to
-7.99, n = 2) and polymyxin-treated (-34.4 to -43.9%, -7.51 to -8.37, n = 2) dose-
response curves to bradykinin did not differ.

2.3.3.2 Phenylephrine

Cumulative dose-response curves were constructed in ovine digital arteries
incubated for 6 hours with 3pg/ml endotoxin or 10pg/ml polymyxin (Figure 2.3.13).
Whilst incubation with endotoxin had a minimal effect on log ECs, values, E,,,, was
increased from 2286 + 82g/g (n = 7) to 2544 + 118g/g (n = 7). However this
increase did not reach statistical significance (p = 0.097).

Following a 16 hour incubation with endotoxin (Figure 2.3.14) there was a tendency
for E,, to fall, i.e. from 2066 + 92g/g (n = 7) to 1698 + 376g/g (n = 7), but again
this failed to reach statistical significance (p = 0.360). The SEM for the endotoxin-
incubated arteries was high, reflecting the wide variation in response. Contractioni
was markedly reduced in 2 out of the 7 arterial rings, whilst the remainder were
changed only slightly. In addition, there was an increase in log ECs, from -6.49 +
0.11 (n=7)t0-6.09 = 0.16 (n =7), which was close to being significant (p = 0.061).

2.3.3.3 Bradykinin

Non-cumulative dose-response curves were constructed in ovine digital arteries
incubated for 6 hours with 3ug/ml endotoxin or 10pg/ml polymyxin (Figure 2.3.15).
No significant differences in E_,,, or log ECs, were recorded.

2.3.4 Effect of incubation with cytokines

2.3.4.1 Phenylephrine

Cumulative dose-response curves were constructed in ovine digital arteries
incubated for 6 hours with 10pg/ml polymyxin or a cytokine mixture containing
10ng/ml IFN-y and 5Sng/ml TNF-a. (Figure 2.3.16). Decreases in E,,,, from 2130 +
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Figure 2.3.11. The effect of a 20 minute incubation with polymyxin (10pg/ml)
on the phenylephrine (PHE) dose-response curve in ovine digital arteries.
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Figure 2.3.12. The effect of a 20 minute incubation with polymyxin (10pg/ml)
on the bradykinin (BK) dose-response curve in ovine digital arteries. Each
curve represents the response of an individual arterial ring. Vessels were
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Figure 2.3.13. The effect of a 6 hour incubation with 3pg/ml endotoxin on the
dose-response curve to phenylephrine (PHE) in ovine digital arteries. Control
arteries were incubated with polymyxin (10pg/ml). Each curve represents the
mean values (SEM) for 7 vessels from 7 animals.
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Figure 2.3.14. The effect of a 16 hour incubation with 3pg/ml endotoxin on the
dose-response curve to phenylephrine (PHE) in ovine digital arteries. Control
arteries were incubated with polymyxin (10png/ml). Each curve represents the
mean values ( £SEM) for 7 vessels from 7 animals.
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Figure 2.3.15. The effect of a 6 hour incubation with 3pg/ml endotoxin on the

dose-response curve to bradykinin (BK) in ovine digital arteries precontracted

with 6x10”M phenylephrine. Control arteries were incubated with polymyxin

(10pg/ml). Each curve represents the mean values (zSEM) for 6 vessels from
6 animals.
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Figure 2.3.16. The effect of a 6 hour incubation with tumour necrosis
factor-a (TNF-a, 5ng/ml) and interferon-y (IFN-y, 10ng/ml) on the dose-
response curve to phenylephrine (PHE) in ovine digital arteries. Control
arteries were incubated with polymyxin (10pug/ml). Each curve represents
the mean values (:SEM) of 6 vessels from 6 animals.

—m— control

—0— TNF-a + IFN-y



61

120 (n = 6) to 1946 + 145 (n = 6), and increases in log ECs,, from -6.43 £0.09 (n =
6) to -6.29 + 0.08 (n = 6), failed to reach statistical significance.

Dose-response curves were also constructed in arteries incubated for 16 hours with
either 10pg/ml polymyxin or a cytokine mixture containing 10ng/ml IFN-y, 20ng/ml
IL-1B and 5ng/ml TNF-a (Figure 2.3.17). Incubation with cytokines significantly
increased log ECs, from -6.44 + 0.09 (n = 6) to -6.10 £ 0.11 (n = 6, p = 0.033),
however the fall in E_,, from 2318 £110 (n = 6) to 2134 + 190 (n = 6) was not
significant (p = 0.422).

2.3.4.2 Bradykinin

Non-cumulative dose-response curves were constructed in ovine digital arteries
incubated for 6 hours with either 10pg/ml polymyxin or a cytokine mixture
containing 10ng/ml IFN-y and 5ng/ml TNF-a (Figure 2.3.18). Whilst incubation
with cytokines did not significantly alter log ECsy, the increase in E_,,, from -33.1 +
4.0% (n = 6) to -50.9 £ 5.1% (n = 6) was statistically significant (p = 0.021).

The data from sections 2.3.3 and 2.3.4 are summarised in Tables 2.3.4 and 2.3.5.

2.3.5 Endotoxin assay

Three samples were collected for endotoxin analysis, a sample of Krebs from the
tissue bath, a sample of Krebs to which 3Qg/ml endotoxin had been added and a
sample of distilled water from which the Krebs solution was prepared.

First it was necessary to determine the sensitivity of the assay. The most dilute
concentration of endotoxin standard to test positive was a solution containing 0.125
endotoxin units/ml (EU/ml). The endotoxin concentrations of the samples were
then determined by dividing this value by the greatest sample dilution to give a
positive result (section 2.2.6).

2.3.5.1 Krebs solution + 3pg/ml endotoxin

The greatest sample dilution to give a positive result was 1/16384. This gives an
endotoxin concentration of 2048EU/ml. The endotoxin used in this study was
extracted from Escherichia coli, serotype 055:B5 and contained not less than
500EU/pg. Thus, it was estimated that the sample contained not more than
4.10pg/ml of endotoxin. This is in line with the quantity of endotoxin added.

2.3.5.2 Krebs solution

The greatest dilution of this sample giving a positive result was 1/1024, which gives
an endotoxin concentration of 128EU/ml. Assuming similar activity to the standard
endotoxin, this sample contained not more than 0.26pg/ml endotoxin.
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Figure 2.3.17. The effect of a 16 hour incubation with tumour necrosis

factor-o (TNF-a, Sng/ml), interleukin-1p (IL-B, 20ng/ml) and interferon-y
(IFN-y, 10ng/ml) on the dose-response curve to phenylephrine (PHE) in

ovine digital arteries. Control arteries were incubated with polymyxin (10pg/ml).
Each curve represents the mean values (:SEM) of 6 vessels from 6 animals.
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Figure 2.3.18. The effect of a 6 hour incubation with tumour necrosis
factor-a. (TNF-a, 5Sng/ml) and interferon-y (IFN-y, 10ng/ml) on the dose-

response curve to bradykinin (BK) in ovine digital arteries pre-contracted with

6x10”"M phenylephrine. Control arteries were incubated with polymyxin

(10pg/ml). Each curve represents the mean values (+SEM) for 6 vessels from
6 animals.
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PHENYLEPHRINE
n  ECs P Enax P
log[PHE(M)] g/g

CONTROL 7 -6.37+0.07 0.671 2286+ 82 0.097
ENDOTOXIN 7 -6.42+0.08 2544 + 118
(6h)
CONTROL 7 -649+0.11 0.061 2066 £ 92 0.360
ENDOTOXIN 7 -6.09+0.16 1698 + 376
(16h)
CONTROL 6 -6.43+0.09 0253 2130+120  0.352
IFN-y + TNF-o. 6  -629+0.08 1946 + 145
(6h)
CONTROL 6  -6.44+0.09 0.033 2318+110  0.422
IFN-y+IL-Ip+TNF-oc 6  -6.10+0.11* 2134 + 190

(16hr)

Table 2.3.4. The effects of incubation with endotoxin (3ug/ml) or cytokines on
phenylephrine (PHE) dose-response curve parameters in ovine digital arteries.

The cytokines interferon-y (IFN-y, 10ng/ml), interleukin-1B (IL-1B, 20ng/ml) and

tumour necrosis factor-o. (TNF-a, Sng/ml) were used. Control arteries were incubated

with polymyxin (10pg/ml).

Data are expressed as mean values + SEM.

P-values were determined by one-way analysis of variance and p < 0.05 was considered
statistically significant. Where necessary, results were further analysed by Tukey’s pairwise
comparisons.

* indicates results are significantly different from control group
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BRADYKININ
n ECs p Enax p
log[BK(M)] %

CONTROL 6 -8.51+0.09 0210 -54.1+27 0.183
ENDOTOXIN 6 -8.70 £0.11 -442 +6.4
(6h)
CONTROL 6 -8.42+0.17 0264 -33.1+4.0 0.021
IFN-y + TNF-a 6 -8.70 £ 0.17 -509+5.1*
(6h)

Table 2.3.5. The effect of incubation with endotoxin (3pg/ml) or cytokines on

bradykinin (BK) dose-response curve parameters in ovine digital arteries.

The cytokines interferon-y (IFN-y, 10ng/ml) and tumour necrosis factor-o. (TNF-a,

Sng/ml) were used. Control arteries were incubated with polymyxin (10pg/ml).

Data are expressed as mean values + SEM.

P-values were determined by one-way analysis of variance and p < 0.05 was considered
statistically significant. Where necessary, results were further analysed by Tukey’s pairwise
comparisons.

* indicates results are significantly different from control group
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2.3.5.3 Distilled water
The greatest dilution of distilled water to test positive for endotoxin was a 1/16

dilution. Thus, endotoxin concentration was estimated at 2EU/ml or not more than
0.004pg/ml.

2.3.6 Histological examination

Sections of rubbed and unrubbed digital arterial rings were examined to assess the
efficiency of endothelium removal. Endothelial cells could be identified lining the
lumen of sections of unrubbed artery stained with haematoxylin and eosin (Figure
2.3.19A) and Verhoeff’s haematoxylin (Figure 2.3.20). Staining for Von
Willebrand’s factor, a more specific technique, confirmed the presence of
endothelial cells (Figure 2.3.21A).

In a proportion of vessels the endothelium was removed by gently rubbing the
lumenal surface of the artery with a wooden cocktail stick. Examination of sections
from rubbed arteries confirmed that the endothelium had been removed (Figures
2.3.19B and 2.3.21B).
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2.4 Discussion

The initial aim of this study was to assess the role of endothelium-derived nitric
oxide and prostanoids in the modulation of digital arterial responses to a number of
vasoactive agents. Responses to phenylephrine, bradykinin, sodium nitroprusside,
and to a lesser extent acetylcholine, were investigated. After examining the
responses of normal digital arteries, responses were studied in arteries incubated
with endotoxin or cytokines.

Alpha-adrenergic agonists such as noradrenaline have been shown, in canine and
porcine coronary arteries, to stimulate release of endothelium-derived nitric oxide,
which modulates the vasoconstrictive response (Cocks and Angus 1983). However,
this is not a feature of all vessels and variations both within and between species
have been demonstrated (Angus et al. 1986, Martin et al. 1986b). In addition,
contractile responses are opposed by continuous or basal release of nitric oxide from
the endothelium (Martin et al. 1986b). The extent of this basal release also appears
to vary, whilst McGrath et al. (1990) found it to be greater in rabbit veins than
arteries, Vallance et al. (1989b) found the converse to be true in human vessels.
Abolition of these influences, by removing the endothelium or incubating vessels
with a NOS inhibitor, has been shown to potentiate phenylephrine or noradrenaline-
induced contraction (Martin et al. 1986b, McGrath et al. 1990, Kaneko and Sunano
1993). However in this study, neither removal of the endothelium nor incubation
with a concentration of L-NAME, sufficient to inhibit NOS (3x10'4M, Elliott et al.
1994, Cogswell et al. 1995), significantly altered phenylephrine dose-response
curve parameters. This implies that in ovine digital arteries neither basal nor o,-
adrenoceptor-mediated release of nitric oxide significantly modify the response to
phenylephrine, a finding that is consistent with a study of equine digital arteries
(Cogswell et al. 1995). Interestingly, log ECs, to phenylephrine was significantly
decreased by 10°M indomethacin, a dose that is sufficient to inhibit cyclooxygenase
(Cherry et al. 1982, Radomski et al. 1987b). Thus in ovine digital arteries
endogenous vasodilatory prostaglandins appear to modify the a-adrenergic
response. This has previously been reported in a number of arteries from the dog,
cat and rabbit (Cherry et al. 1982).

A biphasic response to bradykinin was observed in ovine digital arteries, transient
relaxation being followed by contraction. A similar response has been described in
the sheep femoral artery (Félétou er al. 1994). The mechanism of bradykinin-
induced relaxation appears to vary in vessels from different species (Furchgott
1984). Cherry et al. (1982) showed that relaxation to bradykinin in cat and rabbit
mesenteric arteries was endothelium-independent and mediated almost entirely by
cyclooxygenase products. However, bradykinin-induced relaxation in a variety of
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canine and human arteries was abolished by removal of the endothelium and was
attributed to release of endothelium-derived relaxing factor (EDRF). In this study,
bradykinin-induced relaxation of ovine digital artery proved to be endothelium-
dependent and was significantly reduced by L-NAME, an inhibitor of NOS,
confirming the role of nitric oxide in this response. This finding is consistent with
previous studies of sheep carotid artery (Carroll and Sheehan 1985) and equine
digital arteries and veins (Elliott et al. 1994, Cogswell et al. 1995). In addition,
inhibition by L-NAME was reversed by an excess of L-arginine, confirming the
competitive nature of L-NAME antagonism. Whilst inhibition of cyclooxygenase
alone had no significant effect, it did enhance the inhibition produced by L-NAME.
This finding implies a role for cyclooxygenase products in bradykinin-induced
relaxation and is consistent with studies demonstrating production of both nitric
oxide and prostacyclin in bradykinin-stimulated bovine aortic endothelial cells (De
Nucci et al. 1988). Interactions between nitric oxide and prostacyclin are complex.
De Nucci et al. (1988) suggested that the receptor-mediated release of both agents is
coupled and that the initial common step is activation of phospholipase C. In
contrast, high concentrations of nitric oxide (13-130uM) have been shown to inhibit
release of prostacyclin in cultured bovine endothelial cells (Doni ef al. 1988).
However, the concentrations of nitric oxide used were much higher than those
required to induce relaxation of isolated blood vessels (4-134nM, Hutchinson ef al.
1987) and the authors questioned the relevance of this inhibition in vivo. An
inhibitory interaction between the two mediators has also been described in human
saphenous veins (Barker et al. 1996). Whilst incubation with either piroxicam, a
cyclooxygenase inhibitor, or L-NAME individually did not alter contractions to
angiotensin II, contraction was enhanced in the presence of both inhibitors. The
authors were able to explain these results by demonstrating an increase in the
release of one vasodilator, either nitric oxide or prostacyclin, when production of the
other agent was inhibited and suggested that this mechanism may be important in
the maintenance of vasodilator tone. An inhibitory interaction could account for the
enhanced inhibition of bradykinin-induced relaxation observed in ovine digital
arteries incubated with both indomethacin and L-NAME in this study (Table 2.3.2).

Bradykinin-induced contraction of ovine digital arteries was endothelium-
independent. Differences in the mechanism of bradykinin-induced contraction have
also been described. Contractions of bovine mesenteric veins were shown to be
reduced by indomethacin, indicating mediation by a cyclooxygenase product (Wong
et al. 1977), whilst bradykinin-induced contractions of rabbit aorta (Regoli et al.
1977), rabbit jugular vein (Gaudreau et al. 1981) and sheep femoral artery (Félétou
et al. 1994) were unaffected by cyclooxygenase inhibition and were not therefore
mediated by vasoconstrictive prostaglandins. Two main types of bradykinin
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receptor have been described in vascular smooth muscle, B, and B, (Hall 1992).
Both relaxant and contractile phases of the bradykinin response in sheep femoral
arteries were inhibited by the B, receptor antagonist, NPC 567 (Félétou et al. 1994).
However, a second antagonist, Hoe 140, behaved as an agonist at the receptor
inducing contraction, leading the authors to propose that 2 B, receptor subtypes
exist in the sheep femoral artery. Characterisation of the bradykinin receptors in the
ovine digital artery was not attempted and further work is needed to determine if the
receptor population is similar to that in the femoral artery.

Acetylcholine-induced endothelium dependent relaxation has been demonstrated in
vessels from a variety of species, including sheep pulmonary arteries (Abman et al.
1991, Toga et al. 1996). Kemp et al. (1997) found it to be a poor relaxing agent in
these vessels, producing only a 30% reduction in serotonin-induced tone. However,
this is not consistent with the earlier studies that reported relaxations of 51 and 70%,
respectively (Abman et al. 1991, Toga et al. 1996). Similar levels of relaxation to
acetylcholine have been recorded in studies of equine digital arteries (Baxter 1995,
Cogswell et al. 1995). In this study, acetylcholine-induced relaxation was
inconsistent, however it is not clear if this represents a genuine lack of potency or is
a consequence of some other factor. This was the first endothelium-dependent
response to be studied and lack of experience in the handling of delicate tissues may
have resulted in endothelial damage. This is supported by the observation that
acetylcholine-induced relaxations were greatest, up to 65%, in the last vessels to be
examined. The mechanism of acetylcholine-induced relaxation was not investigated
further, due to the inconsistent nature of the response. In other vessels, including
equine digital arteries (Cogswell et al. 1995) and sheep pulmonary arteries (Toga et
al. 1996), acetylcholine mediates relaxation through release of nitric oxide and has,
therefore been widely used to study agonist-stimulated release of this relaxing factor
(Furchgott and Zawadzki 1980, Rubanyi et al. 1987, McGrath et al. 1990).

Sodium nitroprusside is an endothelium-independent vasodilator that relaxes
vascular smooth muscle through release of nitric oxide (Schultz et al. 1977, Feelisch
and Noack 1991). Studies of rat and rabbit arteries and veins have demonstrated
enhanced relaxation to nitrovasodilators following removal of the endothelium or
inhibition of NOS (Shirasaki and Su 1985, McGrath et al. 1990, Moncada et al.
1991). It has been suggested that continuous release of nitric oxide from the
endothelium desensitises guanylate cyclase and thereby suppresses the response to
exogenous nitric oxide. It follows that inhibition of this release, by removing the
endothelium or inhibiting NOS, enhances relaxation to nitrovasodilators. However,
no such effect was demonstrated in ovine digital arteries and neither endothelium-
removal, L-NAME or indomethacin significantly altered the sodium nitroprusside
dose-response curve. This finding is consistent with studies of equine digital
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arteries and veins (Elliott et al. 1994, Cogswell et al. 1995) and implies that in these
vessels basal release of nitric oxide does not significantly desensitise guanylate
cyclase.

In order to study the effect of endotoxin on the vascular responses of isolated digital
arteries it was necessary to incubate control arterial rings in an endotoxin-free
solution. However as the endotoxin assay showed, Krebs solution and even the
distilled water from which it was prepared, contained detectable amounts of
endotoxin. To counteract this, control arteries were incubated with polymyxin,
which has been shown to bind the lipid A portion of lipopolysaccharide (Morrison
and Jacobs 1976). Krebs solution containing polymyxin was not assayed for
endotoxin content as part of this project, therefore it was not possible to confirm the
efficiency of polymyxin as an endotoxin-binding agent. However, others have
shown that concentrations of 1-100pg/ml polymyxin block the effects of endotoxin
on vascular smooth muscle (Rees et al. 1990, Schott et al. 1993, Moritoki et al.
1994). An intermediate dose of 10pug/ml was selected for use in this study.

Incubation of ovine digital arterial rings in oxygenated Krebs containing 3pg/ml
endotoxin for 6 hours did not significantly alter the dose-response curve parameters
to phenylephrine. In a second experiment, the incubation period was extended to 16
hours and the Krebs solution was replaced by Medium 199, an L-arginine
supplemented culture medium. Following this incubation, endotoxin caused a slight
increase in phenylephrine log ECsy, however this decrease in sensitivity was not
significant at the 5% level (p = 0.06). In contrast, studies of endotoxin-incubated rat
aorta have demonstrated far greater depression of the contractile response. Beasley
et al. (1990) found maximal contractions to be markedly depressed following
incubation with 10ug/ml endotoxin for just 3 hours. McKenna (1990) demonstrated
a similar effect by incubating rings of rat aorta for a longer period, 16 hours, with
much lower concentrations of endotoxin, 1-100ng/ml. This dose of endotoxin was
selected to encompass the range of plasma endotoxin concentrations detected in
septic people (Levin et al. 1970, Brandtzaeg et al. 1989). Other studies, employing
intermediate endotoxin doses and incubation periods, have also demonstrated
inhibition of the contractile responses of rat aorta (Fleming et al. 1990, Rees ef al.
1990).

The effect of endotoxin on isolated vessels from other species has been less
consistent. Overnight incubation with endotoxin 100ng/ml failed to alter the
response of equine digital veins to phenylephrine, however serotonin-induced
contractions were depressed by 51.2 and 41.2% in digital arteries and veins,
respectively (Bailey and Elliott 1996). The authors commented that compared to rat
blood vessels, those of the horse are less sensitive to the direct effects of endotoxin.
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If this is true in vivo then the significance of the endotoxin levels measured
following carbohydrate overload, 2.4-81.5ng/L, are drawn into question (Sprouse et
al. 1987). Dixon et al. (1990) reported that endotoxin (10-100pg/ml) did not inhibit
noradrenaline-induced contraction in porcine carotid arteries, although the 1.5 hour
incubation period in this study may have been inadequate. Serotonin-induced
contraction in porcine coronary arteries was significantly depressed following a 24
hour incubation with 100pg/ml endotoxin (Shibano and Vanhoutte 1993).

Incubation with 3pg/ml endotoxin for 6 hours also failed to alter the bradykinin
dose-response curve in ovine digital arteries. This finding is in contrast to previous
studies that have demonstrated impaired endothelium-dependent relaxations in
arteries exposed to endotoxin. Beasley et al. (1990) found acetycholine-induced
relaxation to be significantly reduced in rat aorta incubated in vitro with endotoxin.
Arteries obtained from endotoxin-treated dogs (Wylam et al. 1990) exhibited
similar depression of the acetycholine response, whilst depression of bradykinin-
induced relaxation has been demonstrated in digital arteries from endotoxin-treated
horses (0.1pg/kg, Baxter 1995). Studies of arteries from endotoxin-treated sheep
have demonstrated conflicting results, whilst acetycholine-induced relaxation of
pulmonary arteries was reduced (Spath et al. 1994), the response of femoral arteries
was unchanged (Nelson et gl. 1991). It has been hypothesised that impaired
endothelium-dependent relaxation is a consequence of reduced nitric oxide
synthesis by the endothelium and there is evidence to support this view. Myers et
al. (1992) exposed bovine endothelial cells to 0.005-0.5ug/ml endotoxin for 1 hour
and after a further hour washout period found nitric oxide production, both basal
and bradykinin-stimulated, to be significantly decreased. This is consistent with a
study demonstrating reduced expression of constitutive endothelial NOS at the
protein and messenger RNA levels in bovine endothelial cells incubated with
2.5ug/ml endotoxin for 8 hours (Lu et al. 1996). However, not all studies agree and
Salvemini et al. (1990) detected immediate release of a nitric oxide-like factor from
cultured bovine endothelial cells exposed to 0.5-2pg/ml endotoxin. Increased
bradykinin-stimulated release of nitric oxide has also been reported in porcine
endothelial cells incubated with endotoxin 10pug/ml and IFN-y 150U/ml (Radomski
et al. 1990). This effect, which peaked after 6-12 hours, was attributed to the
expression of inducible NOS by the endothelial cells.

Endotoxin is believed to mediate its effects on the vasculature through the
generation of cytokines and isolated vessels have been shown to generate significant
quantities of IL-1f and TNF-o. when incubated with 1-100ng/ml endotoxin
(McKenna 1990). Both endothelial and vascular smooth muscle cells have been
shown to contribute to cytokine production (Miossec et al. 1986, Libby ef al. 1986).
Incubation of ovine digital arteries with the cytokines IFN-y and TNF-a for 6 hours
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did not significantly alter the phenylephrine dose-response curve, however the
maximal relaxation to bradykinin was significantly increased. This finding is in
contrast to previous studies that have demonstrated inhibition of endothelium-
dependent relaxation in arteries exposed to cytokines. Greenberg et al. (1993)
found that bradykinin-induced relaxation was attenuated in rings of bovine
pulmonary artery exposed to various doses of TNF-a (0.0042-1.25pug/ml) for 1 hour
and Dekimpe et al. (1994b) demonstrated a similar effect in bovine mesenteric
arteries incubated with IFN-y (100U/ml) for 20 hours. In the latter study,
endothelium-dependent relaxation was impaired despite an increase in basal nitric
oxide production. Reductions in acetylcholine-induced relaxation have also been
recorded in cat carotid arteries (Aoki ef al. 1989), rabbit aorta (Robert et al. 1992)
and equine digital arteries (Baxter 1994) following in vitro incubation with TNF-o..
Xie et al. (1993) proposed that a selective inhibition of receptor-mediated release of
nitric oxide was responsible for the reduction in endothelium-dependent relaxation.
However, studies of cultured endothelial cells have suggested that cytokine-induced
alterations in the stability of endothelial constitutive NOS messenger RNA may be
responsible (Yoshizumi et al. 1993, Zhang et al. 1997). As for endotoxin, whilst
cytokines reduce nitric oxide production by the constitutive enzyme, more
prolonged exposure can lead to expression of inducible NOS. This may account for
the increased basal production of nitric oxide reported by Dekimpe et al. (1994b).

This study has shown that in ovine digital arteries, bradykinin-induced relaxation is
mediated via a combination of nitric oxide and prostanoids, the most likely one
being prostacyclin (Section 2.3.2.2), therefore a cytokine-induced increase in release
or efficacy of either agent could account for the enhanced response to bradykinin.
An increase in receptor-mediated release of nitric oxide is unlikely in the light of the
studies described above, although vessel or species specific differences are possible
(Greenberg et al. 1993). Increases in both basal and agonist-stimulated prostacyclin
production have been recorded in cultured smooth muscle cells from human
pulmonary artery incubated with cytokines (Wen et al. 1997a & b). This is not
unexpected since cytokines are known to induce expression of enzymes involved in
the arachidonic acid cascade, including cyclooxygenase (Carrier et al. 1996). Thus
increased prostacyclin production could theoretically contribute to the enhanced
response to bradykinin. Increasing sensitivity to bradykinin with time, has been
demonstrated in a number of isolated vessels, including rabbit aorta (Regoli et al.
1977) and rabbit carotid artery (Pruneau and Bélichard 1993). This effect has been
attributed to the induction of B; bradykinin receptors, a process that can be
accelerated by incubation with endotoxin (Regoli et al. 1981) or IL-1p (Deblois et
al. 1988). Therefore, it is feasible that the cytokines used in this study could induce
B, receptors and thereby amplify the relaxant response. However, it is also possible
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that in sheep digital arteries, B, receptors mediate contraction not relaxation and
therefore diminish the relaxant response rather than amplify it. This effect has been
demonstrated in bovine mesenteric arteries (Dekimpe et al. 1994a). Incubation with
IFN-y was found to induce production of B, receptors thereby converting
bradykinin-induced relaxation to contraction. Further studies to identify the
bradykinin receptors in the ovine digital artery may help clarify the role of induced
receptors in the enhanced relaxant response observed in this study. If bradykinin-
induced relaxation is mediated via B, receptors, as in the sheep femoral artery
(Félétou et al. 1994), then a B, receptor antagonist could be used to prevent
activation of induced B, receptors.

In a final experiment the dose-response curve to phenylephrine was examined after
incubating ovine digital arteries for 16 hours in a mixture of 3 cytokines, IFN-y
(10ng/ml), TNF-a (5ng/ml) and IL-1p (20ng/ml). Arterial rings exposed to
cytokines exhibited reduced sensitivity to phenylephrine, i.e. log ECs, values were
significantly increased, whilst maximal contraction, E,,,, was unchanged. This
trend is consistent with the findings of previous studies. Depression of contraction
has been demonstrated in rings of rat aorta incubated for 3-5 hours with 0.2-50ng/ml
IL-1B (Beasley et al. 1989, Beasley 1990, French ef al. 1991). A similar effect has
been observed in rabbit aorta incubated for 18 hours with 100U/ml IL-1p (Robert e?
al. 1992) and in porcine coronary arteries incubated with 300ng/ml TNF-a for 24
hours (Shibano and Vanhoutte 1993). However, these studies demonstrated a much
greater degree of cytokine-mediated inhibition, with maximal contractions being
decreased by as much as 66% (Robert et al. 1992).

This endotoxin or cytokine-induced vascular hyporeactivity has been shown to be
endothelium-independent (Beasley 1990, Shibano and Vanhoutte 1993) and has
been attributed to the expression of inducible NOS in vascular smooth muscle,
which in turn increases nitric oxide production (Beasley et al. 1991). Thus it can be
reversed by agents that bind nitric oxide, such as haemoglobin (Beasley 1990) and
by inhibitors of guanylate cyclase (Beasley 1990, Fleming et al. 1991) and NOS
(French et al. 1991, Fleming et al. 1991, Robert et al. 1992). The poor response to
incubation with endotoxin or cytokines observed in this study could reflect a
reduced capacity for NOS induction in sheep. There is evidence to support the
existence of such species differences, for example, levels of messenger RNA for
inducible NOS are significantly lower in cytokine-treated human vascular smooth
muscle cells compared to similarly-treated rat vascular smooth muscle cells
(Beasley and McGuiggin 1994). Regional differences are also possible. Robert et
al. (1993) found that whilst IL-1p significantly depressed noradrenaline-induced
contractions of rabbit aorta, contraction of rabbit femoral artery was enhanced.
Similarly, Suba et al. (1992) demonstrated no change in the contractility of
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pulmonary arteries isolated from septic pigs, whilst the responses of mesenteric
arteries were depressed.

Experimental conditions may be critical in determining the expression and activity
of inducible NOS and an alternative explanation for the limited response to
endotoxin or cytokines in sheep digital arteries could be that the conditions were
unsuitable. Enzyme induction is not an immediate effect and extended exposure to
endotoxin or cytokines is required. In rat arteries an incubation period of 3 hours
resulted in expression of inducible NOS (Beasley 1990), however in bovine arteries
more prolonged exposure, up to 20 hours, may be required (Dekimpe et al. 1994b).
In this study, the initial incubation period of 6 hours may have been too short to
permit enzyme induction. Incubation was therefore extended to 16 hours to ensure
adequate exposure to endotoxin or cytokines. In rat aorta, the concentration of
endotoxin does not appear to be critical in limiting NOS induction and
concentrations from 1ng/ml to 10pg/ml have been used (McKenna 1990, Beasley
1990). It is possible that sheep arteries are relatively insensitive to the effects of
endotoxin, however this does not appear to be the case in vivo. Administration of a
low dose of endotoxin, 1.5nug/kg, to conscious sheep was sufficient to cause
significant reductions in systemic vascular resistance and mean arterial pressure, 8-
12 hours later (Nelson et al. 1991). It therefore seems unlikely that the
concentration of endotoxin used in this study, 3pug/ml, was inadequate. Cytokine
concentrations may be more critical and doses quoted in previous reports were used.
Geller et al. (1993) found combinations of cytokines to be more potent inducers of
NOS than single agents, therefore 3 cytokines, IL-1f3, TNF-a and IFN-y, were used.
Beasley et al. (1989) found that IL-1B-induced depression of the contractile
response in rat aorta, was concentration-dependent between 0.2-20ng/ml, therefore
an optimal dose of 20ng/ml was chosen for use in this study. This is in excess of the
levels measured in septic people, up to 300pg/ml (Cannon et al. 1990). The
concentration of TNF-a used, Sng/ml, was that used by Baxter (1994). This level
was based on the peak concentration of TNF-a measured in the plasma of horses
treated with 0.03pg/kg endotoxin (Morris et al. 1990). Slightly higher peak
concentrations, approximately 12ng/ml, have been recorded in endotoxin-treated
calves (1pg/kg, Kenison et al. 1991). The concentration of IFN-y used, 10ng/ml,
was derived from the 100U/ml used by Dekimpe et al. (1994b). This is slightly
higher than the peak plasma level, approximately 4ng/ml, recorded in baboons
following administration of a lethal dose of live Escherichia coli (Hesse et al.
1988). Species differences in the regulation of NOS induction by cytokines have
been documented and therefore agents and concentrations that induce NOS in one
species may not be effective in sheep. Lamas et al. (1992) found that IFN-y, a
potent inducer of NOS in murine macrophages, inhibited TNF-a-stimulated
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induction of NOS in cultured bovine endothelial cells. Likewise, Adler et al. (1995)
were unable to induce NOS in bovine macrophages exposed to 1000U/ml IFN-y, a
concentration that proved effective in murine macrophages. Studies using ovine
macrophages incubated for prolonged periods with endotoxin (0.004-4pg/ml) and/or
IFN-y (300U/ml) also failed to demonstrate NOS induction (Bogdan et al. 1997).
Thus it appears likely that expression of inducible NOS in vitro occurs under more
restricted conditions in ruminant, compared to rodent cells.

The activity of inducible NOS has been shown to be limited by the availability of
the substrate L-arginine and Schott et al. (1993) demonstrated that supplementation
of the incubation medium with 10*M L-arginine enhanced endotoxin-mediated
depression of the contractile response in rat aorta. A deficiency of L-arginine could
account for the minimal effect of endotoxin or cytokines on the digital arteries
incubated in Krebs solution, however this does not apply to the arteries incubated in
Medium 199, which is supplemented with L-arginine (3x10*M). The 16 hour
incubation was performed at 37°C in a humidified atmosphere containing 5% CO,.
Molecular oxygen is also a substrate for nitric oxide synthesis and it is feasible that
that a shortage of oxygen could have limited enzyme activity in this environment.
However, no such difficulty has been reported by authors using similar incubation
conditions (French et al. 1991, Robert et al. 1992, Dekimpe et al. 1994b).

To avoid the problems of in vitro incubation, arteries can be obtained from
endotoxin-treated animals. Studies of arteries obtained from rats treated with a high
dose of endotoxin 20mg/kg confirmed the findings of the in vitro studies, i.e.
contractile responses were depressed (Wakabayashi et al. 1987, Julou-Schaeffer et
al. 1990, Fleming et al. 1991, Gray et al. 1991). This response was more difficult to
demonstrate in vessels from other species in vitro and studies of vessels from other
endotoxin-treated animals tend to support this. Arteries removed from endotoxin-
treated dogs (Smg/kg) exhibited no significant change in vascular responsiveness to
phenylephrine, despite a similar interval, 4-5 hours, between administration of
endotoxin and harvesting of vessels (Wylam et al. 1990) and noradrenaline-induced
contraction was enhanced in digital arteries removed from horses treated with low
dose endotoxin 0.1pg/kg, 1-2 hours earlier (Baxter 1995). Whilst lower doses of
endotoxin were used in the dog and horse, these species are more sensitive to the
effects of endotoxin and have lower lethal dose 50% (LDs,) values, 1-5 and
0.Img/kg respectively, compared to 10mg/kg in the rat (Burrows 1982). It appears
likely that more prolonged exposure to endotoxin is required in these species if NOS
induction is to occur. Suba et al. (1992) employed a longer incubation period,
isolating vessels 48 hours after the induction of sepsis in swine and found that the
response of mesenteric arteries to noradrenaline was significantly attenuated. In a
study of sheep femoral arteries, noradrenaline-induced contraction was reduced 8-12
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hours after administration of 1.5ug/kg endotoxin (Nelson et al. 1991). The authors
found ECs, to be increased, but maximal contraction to be unchanged, findings that
are consistent with the results of this study. Thus, the moderate response to
endotoxin or cytokines recorded in vitro is supported by studies of arteries exposed
to these agents in vivo. However, one piece of evidence argues against this.
Examination of the individual dose-response curves for arteries incubated for 16
hours with endotoxin or cytokines reveals not a slight response in all arterial rings
but marked depression of contraction in 2 out of 6-7 vessels, hence the high
standard errors (Table 2.3.4). This implies that marked depression is possible under
some circumstances and its development may after all be limited by environmental
conditions. Clearly, further studies are needed to elucidate more fully the effect of
endotoxin or cytokines on sheep vascular smooth muscle. The mechanism of
vascular hyporesponsiveness, if it occurs, also requires investigation. Nelson et al.
(1991) were unable to reverse the decrease in ovine femoral artery sensitivity to
noradrenaline with methylene blue, a guanylate cyclase inhibitor, and claimed
therefore that the effect was not mediated by nitric oxide. However, an in vivo
study by Landin et al. (1994) provided evidence to the contrary. The response to
noradrenaline, measured in terms of systemic vascular resistance, was found to be
reduced in sheep following infusion of live Escherichia coli and this
hyporesponsiveness was reversed by administration of a NOS inhibitor.

In summary, both nitric oxide and prostanoids were found to modulate the responses
of ovine digital arteries to vasoactive agents. Whilst incubation with endotoxin did
not significantly alter the vascular responses of the ovine digital artery, incubation
with cytokines enhanced bradykinin-induced relaxation and reduced the sensitivity
to phenylephrine. However, the reduction in phenylephrine response was less.
marked than that recorded in rat aorta and may reflect a genuine difference in the
response of ovine digital arteries to endotoxin/cytokines.
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3. A Study of the Arteries Which Supply the Ovine
Digit

3.1 Introduction

3.1.1 Vascular anatomy of the digit

3.1.1.1 The ruminant digit

Accounts of the limb vasculature in ruminants can be found in standard anatomy
texts (Ghoshal 1975, Schummer et al. 1981c & d, Dyce et al. 1987c & d, Habel
1989a & b, Smallwood 1992). Such descriptions form the basis of the following
summary.

The main arterial supply to the forefoot is via the third palmar common digital
artery, a continuation of the median artery (Figure 3.1.1). This gives rise to the
axial and abaxial palmar proper digital arteries of the third and fourth digits. Dorsal
arteries are present but are of less importance. They are linked to the palmar vessels
by the interdigital artery which passes through the interdigital cleft.

The major vessel supplying the hind foot is the dorsal metatarsal artery which is a
continuation of the cranial tibial artery (Figure 3.1.2). In the ruminant, but not the
horse, this vessel maintains a dorsal position on the metatarsus. It is continued
beyond the fetlock as the third dorsal common digital artery which then descends
into the interdigital space, receiving a contribution from the third plantar common
digital artery before dividing into axial plantar proper digital arteries of the third and
fourth digits. The plantar arteries of the hind foot are less important. They are
derived from the saphenous artery which divides into medial and lateral plantar
arteries at the level of the hock. Each plantar artery provides deep and superficial
branches. Plantar common digital arteries II and III are derived from the superficial
branch of the medial plantar artery whereas plantar common digital artery IV arises
from the superficial branch of the lateral plantar artery. Metatarsal arteries II-IV
originate from the deep branches and are linked by proximally and distally by deep
plantar arches.

The axial proper digital arteries give rise to a series of branches which are similar in
both forefoot and the hindfoot. These branches, which are analogous to those in the
horse, supply the bulbs of the heels, the coronary band and the phalanges (Figure
3.1.3). Each proper digital artery is continued as a distal phalangeal artery which
enters the ungular canal of the distal phalanx forming a terminal arch by
anastomosing with the bulbar and abaxial palmar proper digital arteries. Branches
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arise from the terminal arch to supply the dermis of walls and sole. Some of these
branches anastomose to form the artery of the margin of the sole.

The digit is drained by a dense system of venous plexuses. Five networks are
recognised which drain the distal phalanx and the dermis of the coronary region,
wall, sole and heel. Each claw has one dorsal and two plantar proper digital veins
into which these plexuses empty.

The microcirculation of the ruminant digit has not been extensively studied.
Schummer ez al. (1981b) suggested that arterio-venous anastomoses are likely to
occur throughout the dermal circulation of the claw. This has been confirmed in the
bovine by scanning electron microscopy of corrosion casts (Vermunt and Leach
1992a).

3.1.1.2 The equine digit

Much of the research pertaining to laminitis has been conducted in the horse and it
is in this species that the structure of the digital microcirculation was first described
(Mishra and Leach 1983, Pollitt and Molyneux 1990). Descriptions of the vascular
anatomy of the equine digit are abundant in the literature. The following summary
is based on the accounts of Schummer ef al. (1981c & d), Dyce et al. (1987a & b),
Kainer (1989) and Pollitt (1992). The arterial blood supply to the digit is essentially
the same in both fore and hindlimbs. It is derived from branches of the medial and
lateral digital arteries. In the forelimb, the digital arteries originate just above the
fetlock by division of the medial palmar artery which is a continuation of the
median artery (Figure 3.1.4). In the hindlimb, the digital arteries are derived from
plantar vessels which originate from the cranial tibial and saphenous arteries (Figure
3.1.5).

The digital arteries descend on either side of the flexor tendons to terminate within
the hoof (Figure 3.1.6). The first important branch is the bulbar artery which is
given off at the level of the proximal interphalangeal joint. This supplies the digital
cushion and the dermis of the caudal aspect of the hoof including the frog. The next
two branches, the coronal artery and the dorsal artery of the middle phalanx, supply
the perioplic and coronary dermis. They arise level with the middle of the second
phalanx and anastomose both with each other and with the artery of the opposite
side to form an arterial circle around the coronary band sometimes called the
coronary circumflex artery. The last major branch of the digital artery is the dorsal
artery of the distal phalanx. This divides into medial, dorsal and palmar vessels
which supply the frog and digital cushion, the dorsal hoof and the heels.

Just distal to this point the medial and lateral digital arteries enter the solar canal of
the distal phalanx (pedal bone) where they unite to form the terminal arch.



% !

(!

M
I()'

57

)?



*

© ©O© O ©

C7'7?7 M 5
M'(). 5



*

© © O © © ©O ©

C7'm=17

M'((AS



88

Branches radiate out from this arch and exit the bone through foramina in its dorsal
surface. Four-to-five of these vessels emerge in the mid dorsal region and form a
network which supplies the laminar dermis. The remainder emerge closer to the
solar border where they unite to form the circumflex artery of the sole. This
provides many branches which pass under the margin of the distal phalanx to supply
the dermis of the sole.

Venous drainage of the dermis is achieved by a system of valveless interconnected
venous plexuses; the dorsal or parietal plexus drains the laminar dermis, the
coronary plexus drains the coronary dermis and the palmar (plantar) or solar plexus
drains the dermis of the sole and frog. The deep structures of the digit are drained
by two parallel veins which lie within the solar canal. These anastomose to form a
single vessel shortly after exiting the pedal bone. This vessel continues proximally
and after receiving drainage from the venous plexuses it becomes the medial or
lateral digital vein.

Veno-venous and arterio-venous anastomoses are widespread in the dermis of the
hoof (Talukdar et al 1972). Recent work using electron microscopy to examine
vascular corrosion casts has revealed the structural details of the microcirculation
(Mishra and Leach 1983, Pollitt and Molyneux 1990).

3.1.2 Aim of the study

This work was carried out as a prelude to the ultrasound studies in Chapter 4. These
subsequent investigations required the placement of intraarterial catheters and
infusion of drugs into the digital vascular bed. The aim of the current study was
therefore to examine the vasculature of the ovine limb and confirm which arteries
supplied the digit and which were accessible for catheterisation.












































































































































































































































































































































































































