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Abstract

A large number of studies have been undertaken in recent years aimed at furthering our understanding of the complex mech-

anisms underlying the common and debilitating condition of acute laminitis in the horse. Many of these studies have either rein-

forced or cast doubt on previously held theories on the pathogenesis of this disease, while others have suggested new mechanisms

which may play a key role in its development. This review seeks to put the current hypotheses into the context of this recent body of

evidence. While a unifying theory may not yet seem to be achievable, this review demonstrates that most of the current theories are

not mutually exclusive. Studies utilising in vitro and in vivo models of the disease, particularly addressing the areas of inflammation,

haemodynamic disturbances and enzyme activation in the hoof, as well as the preceding events occurring in the hindgut, have helped

to explain many clinical observations of the disease and may possibly lead to more effective therapies and means of prevention in the

future.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Laminitis continues to have widespread implications

for equine welfare. This has been highlighted by a recent

survey in the US which found that 13% of horse owners/
operations reported problems with laminitis in their

horses over the previous 12 months (USDA, 2000).

Similarly, a survey involving 113,000 horses in the UK

found a prevalence of 7.1% (Hinckley and Henderson,

1996). Although it is accurate to say that the precise

causes of acute laminitis in the horse are not yet fully

understood, and there are still a number of different

theories as to the pathogenic mechanisms involved, this
is a fast moving field of research in which a large amount

of recent work has improved our understanding of this

common condition.

The pathogenesis of acute laminitis, in particular its

link with disturbances of the hindgut following access to

lush pasture, has been a subject of fascination and

frustration ever since horses have been kept on �im-

proved pastures�. There are many other potential factors
that may contribute to the onset of this condition,

nevertheless, pasture-induced laminitis appears to be the

most common aetiology in the UK (Hinckley and

Henderson, 1996). It has become increasingly apparent

that allowing horses and ponies access to excessive

amounts of certain types of carbohydrate is likely to

trigger changes in the hindgut precipitating this disease.

The trigger factor(s) released from this process have yet
to be elucidated, however various proposed candidates

are now being investigated, and more knowledge has

been gathered about the biochemical and functional

responses within the foot which these mediators may

initiate. In addition, significant advances have been

made in the understanding of the form and function of

the tissues of the foot, particularly the dermal and epi-

dermal lamellae.
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Despite this, some fundamental questions remain to
be answered in terms of the mechanisms leading to the

development of acute laminitis. Among these questions

are: (1) With so many predisposing factors and apparent

clinical manifestations, can there be a single unifying

theory relating to the pathogenesis of acute laminitis? (2)

Why does the pathology of this disease appear to be

localised to the lamellar structures of the foot? (3) What

trigger factors are released from the hindgut (or septic
foci such as metritis) which initiate the pathological

changes to the lamellar structure? and (4) What factors

(managemental or genetic) are involved in apparently

predisposing certain individuals to the condition?

This review seeks to summarise, and put into context,

some of the more recent research carried out into the

pathogenesis of equine laminitis, in an attempt to ad-

dress the above questions. Much of this research has
used experimental models of laminitis, which must be

born in mind when interpreting the results. Models in-

clude inducing hindgut fermentation induced by carbo-

hydrate overload in the form of corn starch (Garner

et al., 1975), and recently also inulin (Pollitt, 2002), as

well as orally administered black walnut extract, whose

mode of action is not yet fully understood (Eaton et al.,

1995). These models are used because the prodromal
stage of the naturally occurring disease, when mediators

are released and the key pathogenic events take place, is

not clinically recognisable and, once in the acute stages,

a very different set of secondary processes takes over

(Hood et al., 1993). Inducing laminitis in this way may

produce such a marked effect on the hindgut contents

and mucosa that the resulting systemic changes may not

precisely mirror the naturally occurring disease, al-
though the final pathogenic pathway in the foot may be

the same. It is important to remember that acute lami-

nitis is a systemic disease which is only finally manifest

as a condition of the foot (Hood, 1999a), although the

changes in circulating mediators in the naturally oc-

curring disease may be much more subtle and hard to

characterise compared to the changes recognised in as-

sociation with some experimental models (Moore et al.,
1981).

2. Foot pathology

The lamellar structures, lying between the pedal bone

and the hoof wall, have inevitably proved very difficult

to study, in terms of visualising or measuring the path-
ological processes taking place in the developmental and

acute stages of laminitis in the live horse. Indirect

measurements of blood flow and inflammatory media-

tors in the live horse have been widely applied (Hood

et al., 2001; Hoffmann et al., 2001a), although relating

the results of these studies to the processes occurring at

the level of the secondary lamellae has proved difficult.

Histological analysis of sections of lamellar tissue at
different stages of the disease provides snapshots of the

pathology involved (Hood et al., 1993). Few histological

changes have been noted to occur in the developmental

phase prior to the onset of clinical signs; among them

has been the presence of platelet microthrombi (Weiss

et al., 1994, 1995). Evidence of systemic coagulopathy in

this disease does not, however, seem to be apparent

(Weiss et al., 1996; Prasse et al., 1990), although endo-
thelial cell dysfunction or injury within the digital vas-

culature could lead to localised platelet adhesion

(Vanhoutte, 1991). Platelets may release various vaso-

active mediators when activated, such as 5-hydroxy-

tryptamine (5-HT; serotonin) and thromboxane A2,

therefore their activation within the digit would cer-

tainly be consistent with impaired local perfusion. Fur-

thermore, prevention of platelet activation using
fibrinogen inhibitors has been shown to prevent lami-

nitis (Weiss et al., 1998a). These findings strongly indi-

cate that platelets are involved in the pathogenesis of the

condition, although if platelet activation does occur

through potential trigger factors such as endotoxin, one

would expect to see a systemic coagulopathy. Therefore,

it seems likely that the microthrombus formation may

occur secondary to earlier activation or damage to the
digital endothelium.

The fact that there does not appear to be a persistent

inflammatory infiltrate of the vessel wall in either the

developmental or early acute phases of laminitis had

previously led to the assertion that this was not pri-

marily an inflammatory condition. However, new evi-

dence suggests that inflammation may play an early role

in the pathogenesis after all. In situ hybridisation has
demonstrated the expression of interleukine (IL)-1b in

small perivascular pockets of cells early in the prodro-

mal phase (Fontaine et al., 2001). The exact cell type(s)

involved have not been determined, but one could

speculate that these were infiltrating white blood cells.

Differential upregulation of cyclo-oxygenase (COX)-2

mRNA has also been described, as well as the expression

of other inflammatory signalling molecules in venous
vascular smooth muscle cells (Waguespack et al., 2002).

Little is yet known about the factors stimulating this

upregulation, although they could include reperfusion

injury and toxins such as endotoxin.

The histological changes in the laminar tissues seen

following the onset of lameness are consistent with is-

chaemia of the tissues followed by reperfusion injury

(Hood et al., 1993). Reperfusion injury may result from
the sudden generation of oxygen free radicals following

re-oxygenation of ischaemic tissues (Flaherty and We-

isfeldt, 1988), and can lead to severe damage to

phospholipid cell membranes, including disruption of

the endothelial barrier protecting against neutrophil and

platelet adherence to the blood vessel wall (Verrier,

1996). In the ischaemic lung, myocardium, skeletal
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muscle and brain, activation of matrix metalloprotein-
ase enzymes (MMPs) occurs as a result of reperfusion

injury (Etoh et al., 2001; Yano et al., 2001; Jiang et al.,

2001). The fact that hoof heat and bounding digital

pulses are characteristic of the acute phase of laminitis

(Stashak, 1987) and that the onset of clinical signs co-

incides with an increase in hoof wall surface temperature

(Hood et al., 2001; Pollitt and Davies, 1998) is consistent

with a reactive hyperaemia of the digit following is-
chaemia/reperfusion injury.

As already noted by others, acute laminitis bears

many similarities with the human condition of Ray-

naud�s phenomenon (Hood et al., 1990). This is a rela-

tively common peripheral vascular condition, involving

ischaemia/reperfusion of the digits (see Figs. 1a and b),

brought on by cold as well as other factors. Vasocon-

strictors, such as 5-HT and endothelin, as well as
vasodilators such as calcitonin gene-related peptide

(CGRP), have been implicated in its pathogenesis (Bi-

ondi et al., 1988; Bunker et al., 1996) and repeated ep-

isodes lead to changes to the vascular architecture and

the connective tissues (Burch et al., 1979). As with

laminitis, much about the key pathogenic mechanisms

remains enigmatic, and treatment usually relies on

vasodilator drugs (Wigley and Flavahan, 1996; Cerinic
et al., 1997).

It has been shown that MMPs are activated in the

developmental and acute phases of laminitis (Johnson

et al., 1998; Pollitt et al., 1998). It appears that these

zinc-containing proteases are responsible for the active

destruction of the basement membrane which bonds the

interlocking lamellar leaflets, leading to the loss of

structural integrity of the attachment between pedal
bone and hoof wall. Thus, these enzymes are the key

effectors causing the clinical manifestations of pedal

bone displacement, which have such serious implications

for the prognosis of affected cases. MMP-9 activity in

particular has been localised to the basal/parabasal ep-

ithelial cells of the epidermal lamellae (Mungall et al.,

1998).

As with the induction of IL-1b and COX-2, it has
yet to be confirmed whether MMP activation in acute

laminitis, is specific to the digit or represents a sys-

temic tissue response. There are a number of struc-

tural and functional features of the equine digit which

may make it susceptible to selective damage in lami-

nitis. Many unique features of the digital circulation

mean that it is finely balanced between maintenance of

capillary flow and excessive capillary pressure, there-
fore perhaps predisposing the lamellae to ischaemic

injury (Moore and Allen, 1996). Its capillaries are

particularly leaky to proteins, predisposing to increases

in interstitial tissue pressure (Allen et al., 1988). MMP

enzymes are important in normal tissue remodelling in

many parts of the body other than the digits. How-

ever, the basal epithelial cells of the epidermal lamel-

lae, which produce these enzymes, may be particularly

sensitive in terms of glucose requirement, which might

account for their selective activation (Pass et al.,

1998).

These findings, taken as a whole, suggest that vaso-

constriction, possibly accompanied by an inflammatory

stimulus, lead to local platelet aggregation and distur-

bances in nutrient blood flow, which cause injury to the
lamellar epithelium, possibly due to its normally high

metabolic rate, resulting in MMP activation (Fig. 2).

Further studies integrating the evaluation of these dif-

ferent processes at different times during the develop-

mental phase is required to adequately address the issue

of cause and effect.

Fig. 1. Appearance of human digits during the prodromal phase of

Raynaud�s phenomenon. Initially one or more fingers become blan-

ched due to vasoconstriction, then they turn blue as they become

progressively ischaemic. The return of blood flow to the fingers is as-

sociated with pain, heat and bounding pulse. (Picture courtesy of

Professor C. Black, Royal Free Hospital, London.)
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3. Changes in digital haemodynamics

The results of studies using different techniques in an

attempt to quantitate blood flow in the lamellar tissues

of the live horse, following the experimental induction of

laminitis, have proved equivocal although many well

conducted studies have shown a period of hypoperfu-
sion during the developmental phase. The apparently

incompatible results may be largely due to the com-

plexity of the digital vascular anatomy. The vascular

supply is very different to other parts of the body; op-

erating at very high hydrostatic pressures (Hunt, 1991),

tending to be maintained under a degree of tonic vaso-

constriction rather than vasodilation (Bailey and Elliott,

1998a; Elliott, 1997), and with capillaries relatively
permeable to large molecular weight compounds (Allen

et al., 1988). Intimately associated with the axially ar-

ranged arterioles and venules of the lamellar circulation

are a large number of arteriovenous anastomoses
(AVAs; Molyneux et al., 1994). These play a role in

thermoregulation, periodically opening to increase the

blood flow and warm the lamellar tissues (Mogg and

Pollitt, 1992). Therefore, overall blood flow may not

reflect the nutrient supply to the lamellar capillaries, if

blood is passing through the AVAs at the expense of

capillary flow.

In order to distinguish effective capillary perfusion
from AVA shunt flow, it is necessary to use tools such as

radiolabelled microspheres, which pass through AVAs

but get trapped in capillaries. Studies have shown con-

siderable amounts of AV shunt flow using technetium-

99m tagged macroaggregated albumin, but in terms of

the changes seen in the early stages of laminitis, these

studies have produced equivocal findings (Trout et al.,

1990; Hood et al., 1978). Aggregated albumin particles
tend to be variable in size, some clogging in AVAs

(Robinson, 1990), and as it is not possible to repeat

measurements frequently, transient changes may be

missed.

Techniques such as the pump-perfused digit prepa-

ration have enabled the measurement of capillary and

interstitial fluid pressures in the digits of horses in the

prodromal phase of experimentally induced laminitis
(Allen et al., 1990), although the necessity for general

anaesthesia and severing of nerves to the limb will have

some major effects on baseline values, possibly causing

the dilation of arteriovenous shunts. The very high

capillary pressures (over 50mmHg) were suggestive of

high vascular resistance from the venous side of the

circulation, which may predispose to fluid accumulation

in the interstitium and capillary collapse (Eaton et al.,
1995).

Non-invasive or minimally invasive methods have

enabled blood flow to be measured in the standing horse

during the course of the disease. Laser Doppler flow-

metry has been used to measure lamellar tissue micro-

vascular flow following black walnut-induced acute

laminitis (Adair et al., 2000) and hoof wall surface

temperature has also been validated as an accurate in-
dicator of subcapsular blood flow and used to follow

perfusion in the experimental induction of laminitis by

carbohydrate overload (Hood et al., 2001). In both of

these separate studies using different techniques, a pe-

riod of digital hypoperfusion was documented during

the prodromal phase, between 12 and 8 h prior to the

onset of clinical signs. A similar study by Pollitt and

Davies (1998), however, did not document a significant
decrease in hoof wall temperature during this phase but

did note a hyperaemia at the onset of clinical signs.

Although it is difficult to interpret the discrepancies in

the results of these various studies, the majority of ex-

periments specifically measuring flow to the area of the

laminae or measuring resistance vessel function within

the foot, point to a period of vasoconstriction at some

Fig. 2. Interaction between possible pathogenic pathways involved in

the developmental phase of acute laminitis associated with different

trigger factors. There are many areas of cross talk possible between

these pathways at every level, demonstrating that they are not mutu-

ally exclusive.
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time during in the developmental phase. However, these
changes may be masked by increased shunt flow or the

different times that the measurements were made relative

to the onset of clinical signs.

At present, it seems likely that the most accurate

methods for measuring subcapsular blood flow are likely

to be the most invasive and that by their nature they are

likely to disturb blood flow themselves. Technological

advances in microvascular blood flow measurement and
imaging, both invasive and non-invasive, may be able to

answer these questions in time. For example, near in-

frared spectroscopy is another potentially useful tool

which has been used for the measurement of tissue

perfusion in the foot, since it provides an index of ox-

ygenated haemoglobin or reduction–oxidation status.

The technique has been validated in a small number of

animals (Hinckley et al., 1995), but has not yet been
applied to time-related changes in tissue oxygenation

during the prodromal phase of natural or experimentally

induced laminitis.

4. Changes in the hindgut leading to acute laminitis

The link between the ongoing processes in the equine
hindgut and the pathological mechanisms in the digit

are probably crucial to the understanding of the path-

ogenesis of this disease. Knowledge of the changes

taking place in the hindgut contents and its mucosa will

enable the development of preventive treatments and

will provide the ability to give more effective informa-

tion to clients regarding preventive measures.

Carbohydrate overload, in the form of corn starch
administered orally, has been the most commonly used

experimental model of this disease to study the changes

during this critical period (Garner et al., 1975). Allowing

the hindgut bacteria access to fermentable carbohydrate

results in overgrowth of Gram-positive bacteria, with

resulting production of lactic acid plus other factors

which are yet to be fully characterised (Garner et al.,

1977; Garner et al., 1978; Bailey et al., 2002a). However,
it has not been shown whether the same changes in

hindgut flora are found during naturally occurring,

pasture induced laminitis, and so this may not neces-

sarily represent a fair comparison with the sort of car-

bohydrate ingestion causing laminitis in the field.

Furthermore, the marked clinical signs and changes in

the hindgut flora induced using this model may actually

complicate investigations and obscure some of the key
pathogenic pathways of laminitis. For example, it was

hypothesised that endotoxin was the single factor trig-

gering acute laminitis, since laminitis is a common se-

quel to certain forms of colic (Hunt et al., 1986) and

endotoxin could be detected in the plasma of horses

given carbohydrate overload (Sprouse et al., 1987).

Subsequently, studies administering endotoxin to horses

have failed to induce laminitis (Clark and Moore, 1990)
and in other models of experimental laminitis, no en-

dotoxin was detected (Eaton et al., 1995). Therefore, the

role of endotoxin in laminitis has been brought into

question (Hood, 1995), although it could nevertheless

play a facilitatory role. Indeed, the acute intravenous

administration of endotoxin does cause a profound de-

crease in digital blood flow (Ingle-Fehr and Baxter,

1998), although the resulting pattern of vascular resis-
tance was not the same as that observed in anaesthetised

horses with laminitis (Allen et al., 1990), suggesting

perhaps that endotoxin, if involved, is not acting alone.

Fructans, a group of fructo-oligosaccharides of

varying molecular size and branching structure, are

produced as a storage carbohydrate in grasses, and

levels increase under climatic conditions favouring

photosynthesis over growth (Longland and Cairns,
1998; Longland et al., 1999). These conditions (bright

sunshine during the day, with cool nights) are similar to

those associated with increased incidence of pasture

laminitis (Katz et al., 2000). The carbohydrates do not

appear to be digested/absorbed by the small intestine

and, therefore, are present as a fermentable substrate for

hindgut bacteria (Potter et al., 1992). Recently, fructans

have been shown experimentally to induce laminitis
(Pollitt, 2002). Although studies have not yet been

published correlating the threshold amount required to

cause laminitis with the likely intake expected of normal

animals on lush pasture, it is quite conceivable that in-

take of large amounts of lush grass at certain times

would cause a significant change in hindgut pH in some

individuals, as a result of carbohydrate fermentation.

The administration of an aqueous extract of black
walnut (Juglans nigra) heartwood also consistently

causes laminitis under an experimental conditions (Ea-

ton et al., 1995), with no endotoxin being detected in the

plasma (although the methods used to measure endo-

toxin may not have been sensitive enough to pick up low

concentrations). It is still unclear what component of

this extract causes laminitis and by what mechanism.

Blood flow to the foot appears to decrease (Galey et al.,
1990a) and, although the extract does not have a direct

effect on digital blood vessel contractility, it may impair

endothelial function and augment the response to other

mediators (Galey et al., 1990b; Holm et al., 2002a).

Recent evidence also suggests that black walnut extract

causes an inflammatory response in the colonic mucosal

epithelium, accompanied by oedema and haemorrhage,

an effect which may increase intestinal permeability
(McConnico et al., 2002).

Several studies have documented damage to the

hindgut mucosa in experimentally induced laminitis

(Kreuger et al., 1986; Masty and Stradley, 1991). In-

testinal permeability increased shortly after the admin-

istration of carbohydrate overload in vivo (Weiss et al.,

1998b) and in vitro when colonic mucosa was exposed to
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caecal contents incubated with carbohydrate (Weiss
et al., 2000). These effects have been attributed to the

low pH and/or lactic acid produced from carbohydrate

fermentation, or changes in osmolality of the caecal

contents. Thus, factors that increase intestinal perme-

ability, such as acidic conditions generated by carbo-

hydrate fermentation, irritants such as black walnut

extract or mucosal damage following ischaemia, by al-

lowing mediators from the hindgut contents to leach
into the systemic circulation, may be the critical first step

in causing laminitis. Indeed, it may not be the intralu-

minal production of trigger factors per se which is the

initiating event in acute laminitis, rather, their rate of

access to the systemic circulation, which determines the

outcome of the gastrointestinal insult.

It is attractive to speculate, therefore, that one factor

which may provide a common mechanism linking
naturally occurring cases of laminitis (grass-induced;

those occurring secondary to gastrointestinal diseases

leading to stasis and/or ischaemia in the bowel) and the

well characterised experimental models of laminitis

(carbohydrate overload; ingestion of black walnut) is a

change in intestinal mucosal permeability. If significant

changes in hindgut pH, bacterial flora, and by-products

of bacterial metabolism occur in naturally occurring
causes of laminitis, as they do in the experimental

models, subsequent changes in hindgut permeability, if

not gross mucosal damage, might result, allowing

access of preformed trigger factors to the systemic

circulation.

A number of mediators have been recently proposed

as trigger factors for laminitis, being produced in the

equine hindgut contents and causing the events de-
scribed in the digit. The absence of a systemic inflam-

matory response and pathological changes in other

tissues in some forms of laminitis suggests that whatever

factors are released from the hindgut may have a direct

or selective effect on the digit; therefore they must gain

access to the peripheral circulation, overwhelming up-

take processes in the liver and other clearance mecha-

nisms. What their mode of action might be remains
unclear, but it is presumed, from what is known about

the pathology, that their effects could lead directly or

indirectly to the impairment of blood flow through the

lamellar tissues and/or the local induction and activation

of MMP enzymes. It should be stressed that these dif-

ferent mechanisms may be closely inter-related, and are

not mutually exclusive (Fig. 2).

Monoamines, formed from the decarboxylation of
various amino acids by bacteria, have been proposed as

possible trigger factors (Bailey et al., 2000). By mim-

icking the effects of endogenous amine mediators such as

serotonin and the catecholamines (epinephrine, norepi-

nephrine and dopamine) and stimulating their receptors,

they may cause vasoconstriction (Rang and Dale, 1995).

These compounds have previously been implicated in

vascular conditions in man, where their presence in
fermented foodstuffs, such as cheese and wine, can lead

to migraine or hypertension in some individuals (Shaw

et al., 1978; Gonsalves and Johnson, 1977; Blackwell

and Marley, 1966). A large number of different mono-

amines, such as tyramine, tryptamine and phenylethyl-

amine, have been identified in the caecal contents of

horses (Bailey et al., 2003a). The production of some of

these compounds was increased when caecal contents
were incubated with carbohydrate sources in vitro

(Bailey et al., 2002a), and the intravenous infusion of

individual amines into normal horses decreased blood

flow to the digits (Bailey et al., 2002b) at dose rates

which were without effect on systemic arterial blood

pressure. Thus, although direct evidence showing that

monoamines formed in the caecum can induce laminitis

when infused into the systemic circulation is lacking,
several pieces of experimental data provide strong sup-

port for these compounds playing an important role in

the pathophysiology of laminitis.

Exotoxins are factors secreted by bacteria, as op-

posed to endotoxins, which are integral components of

their cell walls. They include protease enzymes, which

can cause direct destruction of mammalian tissues at

septic foci. Moreover, some proteases have been shown
to activate endogenous MMP enzymes, which in turn

can break down collagen (Okamoto et al., 1997). A

comprehensive analysis of the exotoxins produced in

equine large intestinal contents has yet to be carried out,

although broth cultures of streptococci and other bac-

teria show MMP activating capabilities when directly

incubated with laminar tissues (Mungall et al., 2001).

Although this hypothesis is an attractive one, a com-
pelling explanation as to why these exotoxins should

target the basement membranes of laminar tissue has yet

to be put forward. Furthermore, activation of MMPs

could equally well be explained by ischaemia of the

laminae followed by reperfusion.

5. Actions of putative trigger factors and other mediators
in the digit

Often the interpretation of findings from in vivo

studies, particularly those involving experimentally in-

duced laminitis or endotoxaemia, is made difficult by

the complex interactions between multiple pathways

and inflammatory cascades occurring in the whole ani-

mal. Differentiation of mediators playing a key central
role from ones of minor or peripheral importance is

challenging with such a complex system. Thus, the usual

principles of deductive reasoning have proved to be

hard to follow. However, the use of simpler models,

such as isolated tissue preparations, has revealed a great

deal about the basic physiology of laminar tissues.

Such an approach has allowed inductive reasoning,
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building hypotheses based on these basic physiological
mechanisms.

Isolated rings of digital arteries and veins, maintained

in oxygenated physiological salt solutions and connected

to isometric force transducers, have been used to cha-

racterise the receptors mediating changes in blood flow

within the digital circulation. In this way, a-adrenore-
ceptors (Elliott, 1997), 5-HT receptors (Bailey and Elli-

ott, 1998b) and endothelin receptors (Katz et al., 2003a)
have been characterised. The catecholamines, 5-HT and

endothelin represent some of the most potent vasocon-

strictors of the equine digital circulation and, therefore,

may be expected to play a role in the vasospasm and

ischaemia thought to initiate laminitis. The potencies of

these endogenous vasoconstrictors are shown in Fig. 3.

The smooth muscle cells of equine digital arteries and

veins possess a large number of different receptor sub-
types for these mediators. For example they have both

a1 and post-junctional a2 adrenoreceptors mediating

vasoconstriction (Elliott, 1997), as well as both 5-HT2

and 5-HT1 receptors (Bailey and Elliott, 1998b). Thus,

the digital blood vessels are extremely sensitive to

vasoconstriction mediated by these receptors; indeed,

digital arteries seem to be in the region of 30–40-fold

more sensitive to the vasoconstrictor actions of 5-HT
that other peripheral blood vessels (Bailey and Elliott,

1998a). In addition, the monoamines, which are pro-

duced by bacteria in the equine hindgut, cause con-

striction of digital arteries and veins in vitro by

stimulating 5-HT and a-adrenoceptors (Berhane et al.,

2002). Their effects seem to be more potent in veins than

arteries, a finding which may be consistent with the se-

lective venoconstriction described in haemodynamic
studies of laminitis (Allen et al., 1990). Thromboxane

and 5-HT, two mediators released by activated platelets,

work synergistically to produce vasoconstriction which

is partially selective for the venous side (Bailey, 1998), a

finding which could be consistent with platelet involve-

ment in laminitis.

Endothelin (ET), a small peptide mediator released

from the vascular endothelium onto the smooth muscle,
is another potent vasoconstrictor in this vascular bed

(Katz et al., 2003a), and its increased expression has

been observed in laminitis (Katwa et al., 1999). When
administered into the lateral digital artery, it causes a

decrease in digital arterial blood flow (Holm et al.,

2002b), and in vitro evidence has been shown that ETA

receptors mediate these effects (Katz et al., 2003a), with

veins being more sensitive than arteries (Katz et al.,

2003a; Holm et al., 2002c). In the pump-perfused ex-

tracorporeal digit model, the post-capillary vasocon-

striction observed in the developmental stages of
experimentally induced laminitis could be reversed using

an endothelin receptor antagonist (Holm et al., 2002d).

The link between the processes occurring in the hindgut

and the release of endothelin is as yet unclear, although

following black walnut administration, plasma endo-

thelin levels rise in the digital circulation within about

5 h (Holm et al., 2002e). In some vasospastic diseases in

man, such as Raynaud�s phenomenon, it has been sug-
gested that endothelin is released following the initiation

of vasoconstriction by other causes and is responsible

for maintaining and augmenting the vasospasm (Za-

mora et al., 1990). Whether shown to be a primary or

secondary factor in laminitis, endothelin antagonists

may potentially be useful for its treatment or prevention

in the future.

Counteracting the effects of vasoconstrictor media-
tors in the equine digit are several vasodilator sub-

stances, of which one of the most important is nitric

oxide (NO). Basal release of NO from the endothelium

appears to be low in the digital circulation (Bailey,

1998), although it is generated in response to acetyl-

choline, bradykinin or substance P (Elliott et al., 1994;

Cogswell et al., 1995; Katz et al., 2003b), mediating a

vasodilatory effect (Fig. 4). Intravenous infusion of the
substrate for NO production, LL-arginine, has been

shown to produce vasodilation in the foot of one horse,

with an increase in the oxygenated haemoglobin con-

centration; furthermore, the local topical application of

glyceryl trinitrate, a NO donor, gave clinical improve-

ment in 10 ponies with laminitis, with a reduction in

systemic blood pressure (Hinckley et al., 1996). How-

ever, it has been demonstrated more recently that many
of the effects of topical application of glyceryl trinitrate

on the pasterns may be mediated systemically rather

Fig. 3. Endogenous vasoconstrictor mediators with effects on equine digital blood vessels. pEC50 values (indicating potency; the higher the value the

more potent the mediator) are those relating to the responses of digital veins.
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than locally (Hoff et al., 2002). The efficacy of NO do-

nors in improving digital blood flow does not necessarily

imply that its deficiency may play a role in the patho-

genesis of laminitis, although a recent study has shown

that the response of digital blood vessels to acetylcholine

(a NO-dependent vasodilator) may be impaired follow-

ing black walnut-induced laminitis (Holm et al., 2002a).
Recent evidence, using an isolated perfused hoof

preparation, from our laboratory indicates that in ad-

dition to NO, endothelium-derived hyperpolarising fac-

tor (EDHF) may also play a role in controlling vascular

resistance within the equine digit (Berhane et al., 2003).

Other vasodilators include prostacyclin, generated by the

endothelium in response to endotoxin (Bailey and Elli-

ott, 1999), adenosine generated by ischaemic tissues
(Elliott and Brady, 1998) and adenosine diphosphate

(ADP) released from platelets, which probably mediates

its effects by direct activation of adenosine receptors

(Soydan and Elliott, 1994). The effects of some of these

mediators are summarised in Fig. 4.

The vasculature of the equine digit, including the

dorsal hoof wall, is densely innervated with nerve fibres

containing vasodilator substances such as substance P
and calcitonin gene-related peptide (CGRP) and vaso-

constrictors including neuropeptide Y as well as nor-

epinephrine (Molyneux et al., 1994; Van and Bowker,

2002). These mediators clearly play an important role in

the balance between vasoconstriction and dilation of the

digital vasculature, and further work is ongoing to ex-

amine their possible role in the pathogenesis of laminitis.

Thus, knowledge of basic mechanism regulating blood
vessel tone in the equine digital circulation has increased

enormously over the last 10 years. Extrapolation of

these data to small resistance vessels (both pre- and

post-capillary vessels) in the digit should probably be

made with caution. Nevertheless, these data provide a

good basis upon which to build on in the future.

Lamellar explants connected to strain gauges have

been used to study factors contributing to the detachment
of the dermal and epidermal lamellae brought about by

matrix metalloproteinase enzymes (Pollitt et al., 1998).

Matrix metalloproteinases are secreted in the pro-form,

which requires subsequent activation by other proteases.

The induction of MMP-2 and MMP-9 production and

secretion is brought about by various cytokines and

growth factors, such as IL-1b, tissue necrosis factor

(TNF)-a and tissue growth factor (TGF)-b (Li et al.,

2001). Their subsequent activation occurs as a result of

the actions of proteases such as trypsin, plasmin and

cathepsin G, or by reactive oxygen species (Birkedal-
Hansen et al., 1993). Therefore, these enzymes are

commonly involved in tissue destruction following is-

chaemia-reperfusion injury (Etoh et al., 2001; Yano et al.,

2001). Recently, a number of bacterial proteases have

also been found to have this MMP-activating ability

(Okamoto et al., 1997). In the equine lamellar explant

model, the ability of bacterial proteases (exotoxins) to

cause separation has been studied (Mungall et al., 2001).
Separation is not directly caused by cytokines, but could

be induced by broth supernatants in which various

Gram-positive and Gram-negative bacteria from the

equine intestine had been grown, including Streptococcus

bovis. Thermolysin (purified from a bacillus spp.) was

subsequently identified as one possible bacterial protease

capable of activating MMP-2 and MMP-9 and causing

explant separation (Mungall and Pollitt, 2002).
With the improvement of cell culture techniques, it is

now possible to study individual processes in individual

cell types from the tissues of the lamellae and the lam-

inar vasculature. These techniques will enable the study

of how certain cell types may become activated and are

involved in the chain of events leading to the onset of

structural damage and clinical signs. Cell types studied

so far include arterial and venous endothelial cells
(Wunn et al., 1999; Bailey et al., 2003b), vascular

smooth muscle cells (Rodgerson et al., 2000) and ke-

ratinocytes (Wunn et al., 1999). The future study of

laminar epithelial cells in culture may provide many

insights into the mechanisms by which they become

activated to produce MMPs.

6. Factors predisposing individuals to acute laminitis

One of the many intriguing questions about laminitis

is why only certain individuals tend to be affected; for

Fig. 4. Endogenous vasodilator mediators with effects on equine digital blood vessels. pEC50 values (indicating potency; the higher the value the more

potent the mediator) are those relating to the responses of digital veins.
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example in a herd of ponies kept on lush spring grass,
certain members of the herd suffer recurrently. There is

little doubt that any horse or pony can succumb to

laminitis, as shown by the results of experimental in-

duction of the disease using large amounts of carbohy-

drate (Garner et al., 1975). Under field conditions,

however, certain managemental, behavioural, pheno-

typic or genotypic factors may confer resistance or

susceptibility.
A major factor in predisposing animals to this disease

worldwide may be inappropriate management, leading

to obesity and/or the ingestion of excessive amounts of

fermentable carbohydrate. However, in many cases, in-

appropriate management is not a factor, suggesting

more inherent traits. These differences in individual

susceptibility might also occur at the level of the large

intestine, perhaps in the ability of the hindgut contents
to buffer changes in pH due to lactic acid production

and avoid mucosal damage, or in the bacterial popula-

tions responsible for producing laminitis trigger factors.

Alternatively, they may lie in the detoxifying capacity of

the liver, the responsiveness of peripheral blood vessels

or the response of the lamellar tissues to toxic insult or

ischaemia.

Epidemiological studies have perhaps been under-
used in terms of characterising risk factors associated

with the condition. Studies to date examining signalment

traits in affected animals have shown few significant as-

sociations (Polzer and Slater, 1996; Slater et al., 1995).

Although a genetic basis for predisposition to chronic

laminitis has been suggested (Hood, 1999b), no studies

have yet shown clear familial or breed-associated links

with acute laminitis. Ponies are more commonly affected
by laminitis than horses (Coffman and Colles, 1983; Katz

et al., 2001), although it is important to note that sub-

clinical laminitis may be of great importance in horses

also, including thoroughbreds (Linford et al., 1993).

Increasingly, various metabolic differences are being

described between ponies and horses, some of which

may have a bearing on predisposition to laminitis. For

example, blood platelets from ponies seem to produce
considerably more of the vasoconstrictor mediator,

thromboxane A2, when activated in vitro compared to

those of horses (McKellar et al., 1990). There are also

marked differences in lipid metabolism (Watson et al.,

1991). Ponies have been shown to be relatively insensi-

tive to their endogenous insulin compared with horses,

and furthermore, obesity and a history of laminitis are

also factors associated with relative insulin insensitivity
(Coffman and Colles, 1983; Jeffcott et al., 1986). Insulin

generally has vasodilator properties (Chen and Messina,

1996), and peripheral vasodilation has even been de-

tected in horses following feeding (Hoffmann et al.,

2001b), but interestingly, the chronic hyperinsulinaemic

state can also be associated with hypertension and vas-

cular disease in other species (He and Macleod, 2002).

Pars intermedia dysfunction (hyperadrenocorticism)
is frequently associated with laminitis (Love, 1993), al-

though the precise mechanistic link between the two

conditions is still not known. Glucocorticoids, as well as

exacerbating insulin insensitivity, potentiate the vaso-

constrictor effects of catecholamines and serotonin on

the digital blood vessels (Eyre et al., 1979; Eyre and

Elmes, 1980), probably by inhibiting their uptake and

clearance from the circulation (Bailey et al., 2003b). In a
study by Pass et al. (1998), inhibition of glucose con-

sumption in hoof explants induced lamellar separation,

and it was speculated that high circulating corticosteroid

levels and/or inhibition of insulin activity may bring

about these changes. A third possible explanation for

the link between glucocorticoids and the development of

laminitis is a steroid-induced increase in intestinal per-

meability to toxins (Kiziltas et al., 1998), although this
has yet to be examined in the horse. Therapeutically

administered corticosteroids, either short or long acting,

have been considered by many to have the potential to

cause laminitis (Slone et al., 1981). The precise risk,

however, of inducing or predisposing to laminitis is still

the subject of debate, and evidence from controlled

prospective studies is not yet available to guide practi-

tioners. However, at present, all corticosteroids licensed
for equine use in the UK continue to carry warnings

about the risk in their accompanying data sheet.

An increasing number of individual animals are now

being recognised which are predisposed to laminitis and

are hyperinsulinaemic, but which do not have evidence

of pars intermedia dysfunction based on clinical diag-

nostic tests (Johnson, 2000). Based on similarities with

the human condition, the term �peripheral Cushing�s
syndrome� has been used to describe these cases. Al-

though a full discussion of this condition is outside the

scope of this review and much work is yet to be done in

this area, it appears that the local regulation of gluco-

corticoid vs. mineralocorticoid activity may be imbal-

anced at the target tissue level, possibly due to excess

activity of the enzyme 11b-hydroxysteroid dehydroge-

nase type I (Johnson, 2000).

7. Implications for treatment and prevention

While man has sought to improve pastures with ever

increasing sugar contents to maximise growth rates for

sheep and cattle, it is now considered that such pastures

may be less appropriate for equines (Longland and
Cairns, 1998). Studies suggest that a large proportion of

cases in the UK are linked to diet (Hinckley and Hen-

derson, 1996), thus laminitis may be considered a disease

of domestication. Work is continuing to understand the

pasture and climatic conditions associated with in-

creased laminitis risk in order to give owners better

guidance to reduce the incidence of the disease. A more
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definitive understanding of the pathways involved in
laminitis pathogenesis will be required before an accu-

rate predictive index of an individual animal�s risk

can be formulated, or for the prodromal stage to be

diagnosed.

The streptogrammin antibiotic, virginiamycin, has

been successfully used and marketed to prevent pasture-

induced laminitis by preventing the overgrowth of

Gram-positive caecal bacteria and production of lactic
acid (Rowe et al., 1994), also reducing the bacterial

production of vasoactive amines in vitro (Bailey et al.,

2002a). Although available for treatment of horses on a

named client basis in the UK, virginiamycin has been

banned for use as a growth promoter in pigs and poultry

in the European Union due to concerns over antibiotic

resistance (Aarestrup et al., 2001), and so is unlikely to

be granted a full license for use in the horse. Although it
may continue to have a role in laminitis prevention in

some particular individual cases, dietary and manage-

mental measures will continue to be the mainstays of

laminitis prevention, until more specific targets and

agents are identified.

The treatment of acute laminitis is still largely an

exercise in damage limitation; however, various novel

therapeutic strategies are being developed for more ef-
fective treatment and prevention. Some older methods

are also being re-evaluated; placing the feet in ice or cold

water has been advocated for some time as a means of

treating acute laminitis, and in a recent study, placing ice

around one foot has been shown to prevent experi-

mentally induced laminitis in that foot but not in the

other forelimb (Pollitt and Davies, 1998). It was hy-

pothesised that vasoconstriction caused by the cold
temperature prevented toxins from reaching the foot;

importantly however it is also conceivable that the cold

temperature inhibits MMP enzyme activity and fur-

thermore could protect against ischaemia – reperfusion

injury (Fascoglione et al., 2000; Verrier, 1996).

Pharmacological agents are also available which

block the activation of these enzymes (Pollitt et al.,

1998), and these could represent a major step forward in
the treatment of laminitis, although at present their cost

may prove prohibitive for the treatment of horses. It

may also be possible to block the pathogenic pathways

higher up the chain, with the selective use of anti-in-

flammatory drugs or immunisation against toxins.

The phenothiazine derivative class of vasodilators,

such as acepromazine and phenoxybenzamine seem to

be quite potent and fairly selective in their effects on the
equine digit, and have been used in the treatment and

prevention of laminitis (Hood et al., 1982). In fact, these

agents are not selective in terms of the receptors that

they antagonise, blocking 5-HT receptors as well as a
adrenoreceptors (unpublished observations). As more

detailed knowledge is gained about the exact receptors

and pathways involved in the vasoconstriction under-

lying laminitis, more selective strategies to counteract
this could well emerge. With non-selective vasodilator

drugs, such as acepromazine and nitric oxide donors, the

optimum time of use would rationally be as early as

possible in the disease process, although this is rarely

feasible since animals are usually presented some time

into the acute phase. It is also important to note that the

effectiveness of some of these compounds with repeated

use, particularly the nitric oxide donors, is relatively
short lived (a few days), due to the well-recognised

phenomenon of desensitisation of the tissues (Vincent

et al., 1992).

Some other novel therapies have recently been suc-

cessfully tested, and may be of use in the future. A fibrin

antagonist, preventing platelet activation and aggrega-

tion, was shown to prevent laminitis (Weiss et al.,

1998a), and a dihydropyridine calcium channel blocker,
thought to increase red blood cell deformability and

thereby improve blood flow, decreased the severity of

the disease (Hood et al., 2002). Field trials, examining

the effectiveness of these agents in naturally occurring

cases, will be required to establish their true value in the

clinical situation.

In conclusion, a unifying theory for the pathogenic

mechanisms causing acute laminitis, drawing on many
currently held assertions involving haemodynamic dis-

turbances and metalloproteinase activity, is still justifi-

able, as at present these two theories are by no means

mutually exclusive. There remain, however, some im-

portant aspects of this disease which are yet to be de-

finitively clarified, including the significance of the

haemodynamic disturbances on tissue oxygenation, and

the precise factors which are released from the hindgut
to initiate the process. Because of the difficulties in

studying the complex tissue structure of the laminae, it is

likely that answers will only continue to emerge little by

little, from the integration of in vitro, ex vivo and in vivo

studies, employing a combination of deductive and in-

ductive reasoning.
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Book review

Veterinary drugs: synonyms & properties. G.W.A. Milne

(Ed.) Aldershot, Ashgate Publishing, 2002. 254 pp. £95

(hard) ISBN 0566085003.

The title describes perfectly the content of the book.

Names, synonyms, physical and chemical properties of

most of the compounds used in veterinary medicine,

either approved as veterinary or human medication, but
employed in veterinary practice, are summarised. The

book is made up of three main sections.

Part I, termed Main Entries, contains over 750 short

monographs divided into 118 therapeutic or biological

activity categories. Each monograph or entry comprises

the main record name of the drug and its corresponding

Record Number, Chemical Abstracts Service (CAS)

Registry Number (RN), Merck Index number (corre-
sponding to the monograph number from the 12th

Edition of the Merck Index), European Inventory of

Existing Commercial Chemical Substances (EINECS)

number, formula, molecular formula, chemical name,

list of synonyms, pharmacological activity and physical

properties. When available, the regulatory status, other

biological activities and acute toxicity, usually per os in

laboratory animals, are indicated. In the case of FDA-
approved veterinary drugs, the monograph is completed

by a list of trade names of veterinary products with the

name of the manufacturer or sponsor along with the

New Animal Drug Approval (NADA) number.

Part II, termed Indexes, contains the four indexes ci-

ted in each monograph, but is quite complicated to read.

The list of indexes allows the reader to find the Record

Number and the main entry for each compound on the
basis of its CAS Registry Number, EINECS Number or

NADA Number, respectively. The Name and Synonyms

Index section may be very useful in finding the corre-

sponding main entry, when a name or a synonym of the

veterinary drug is known. Moreover, this Index contains

the names of the manufacturers and suppliers, the me-

dicinal products manufactured or marketed by the

company and the relative therapeutic categories.

Part III, termed Manufacturer and Supplier Directory,

consists of an alphabetical list of the names, addresses

and contact information (telephone and/or fax number

and sometimes web site) of the companies that supply,

manufacture or sponsor veterinary medicinal products.
Four useful additional chapters, Glossary of Terms,

Glossary of Units, Abbreviations and Symbols and Table

of Therapeutic Categories are inserted before Part I.

The monographs are easy to read and supply essential

information on drugs used in veterinary practice. Un-

fortunately, the practical information is limited to a

brief description of the mechanism of action or biolog-

ical activity and to the general therapeutic category or
field of application, and these characteristics are not

reported for all the drugs listed in the book. No dosages,

route of administration, specific applications or side

effects are given. The list of trade names of the veteri-

nary drugs reported in the book should be helpful,

particularly for American and British practitioners. Fi-

nally, the book may be considered as a sort of Merck

Index, for drugs used in veterinary practice, allowing the
reader, starting from a synonym, a trade name or an

international identification number, to find essential

information on a particular compound. The book may

be directed at anyone involved in the various fields of

veterinary medicine.
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