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ABSTRACT

THE EFFECTS OF ISCHEMIA - REPERFUSION

AND DIMETHYL SULFOXIDE

ON EQUINE JEJUNUM

By

Warwick Andrew Arden

The effects of ischemia and reperfusion, with and without dimethyl sulfoxied

(DMSO) pretreatment (1gm/kg.bthV), on intestinal vascular resistance(R),

oxygen consumption(VOz), motility, wall compliance(C), arteriovenous

potassium concentration difference(AAV[K+]) and mucosal morphology were

determined in eighteen ponies using neurally intact jejunal segments, perfused

at constant flow with heparinized blood. Ischemia caused: 1)An increase in R

immediately upon reperfusion, then a decrease to levels below pre-ischemic

values for the remainder of the study. 2)A decrease in V02 during the entire

reperfusion period. 3)An increase in amplitude of contractions immediately

upon reperfusion. 4)A decrease in frequency of contractions during ischemia

and 5)An increase in AAV[K+] immediately upon reperfusion. DMSO adminis-

tration prevented the decrease in R during reperfusion. DMSO treatment did

not improve the morphologic appearance of the mucosa. Although the action

of DMSO in modulating post-ischemia vascular reactivity may warrant further

investigation, its failure to maintain tissue oxygen conSumption, prevent tissue

potassium loss or improve the morphologic appearance of the mucosa, suggest

that DMSO was not effective in preventing injury to the equine jejunum

caused by one hour of arterial occlusion followed by reperfusion.
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I. INTRODUCTION

The acute abdominal crisis remains an important cause of morbidity and

mortality in the domesticated horse.“ Although overall mortality rates among

cases of abdominal pain attended by veterinarians in the field are relatively

low (3%), mortality rates rapidly rise in animals having recurrent pain (286%)1

Of 2,385 horses referred to 12 United States university veterinary hospitals for

acute abdominal pain in the period 1982-1984, the overall mortality rate was

38.1%.2 In those undergoing exploratory laparotomy, mortality was 52.2%.2

Although abdominal pain may arise from a variety of mechanical,

chemical or thermal stimuli to any visceral organ or the peritoneum’, the

majority of episodes involve bowel and may be grouped into one of four

pathophysiologic categories; simple obstruction, strangulating obstruction,

non-strangulating infarction and inflammatory.” In simple obstruction, there

is obstruction of the digestive tract without significant compromise of vascular

integrity. Obstruction may be partial or complete and physical or functional.

In strangulating obstruction, luminal obstruction is combined with variable

degrees of compromise of vascular integrity. The obstruction is predominantly

physical and usually extraluminal, although theoretically, a functional

component exists due to ischemic interruption of neuromuscular

mechanisms?“12 Nonstrangulating infarction occurs when vascular compromise

is not accompanied by physical bowel obstruction. Mesenteric

thromboembolism, such as that resulting from parasitism, is most commonly

blamed for the disorderms; however, in some cases physical obstruction of the
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major mesenteric vessels is not apparent at necropsy, and some consider that

a functional or spastic vascular obstruction may occur.16'l7 In these cases

parallels may be drawn with the syndrome of nonocclusive mesenteric

infarction seen in man?” Abdominal pain may also result from primary

mucosal, mural or peritoneal inflammation. Common examples include

parenchymal abscess, localized peritonitis, enteritis and colitis. Of these four

categories, the highest mortality rates are associated with strangulating

obstruction and non-strangulating infarction, where damage to intestinal tissue

results from severe or prolonged reduction in tissue blood flow. In the study

cited abovez, diseases in these two categories accounted for 21.9% of hospital

colic admissions and carried a mortality rate of 79.9% and 85.8% respectively.

This investigation is directed toward these two clinical groups, where intestinal

ischemia is associated with very high mortality.

There exist numerous descriptions of the morphologic and ultrastructural

21-39

9
changes that result from controlled jejunal ischemia in the rat, dog and cat

however such descriptions are limited for the horse.4043 Ischemic injury to the

intestine causes lesions which progress centrifugally from the mucosal

epithelium toward the serosa.19 The intestinal epithelium not only performs

absorptive and secretory functions“, but forms a vital functional barrier

between the body and the intestinal chyme.21"‘5‘47 Interest in the study of

ischemic intestinal injury stems not only from concern for local intestinal

viability following regional disruption of blood flow”, i.e. strangulating

obstruction and non-strangulating infarction, but also from the knowledge

that in many species general circulatory failure is temporally correlated with
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development of generalized intestinal mucosal lesionsm’45’48’49 This relationship

represents a positive feedback situation where in the first instance systemic

circulatory inadequacy leads to splanchnic hypoperfusion and intestinal

mucosal injury’""32"““‘52 and in the second instance, disruption of mucosal

integrity contributes to circulatory deterioration, both by direct liberation of

intestinal origin cardiocirculatory depressant mediators“5"“5"“"53"56 and by

disruption of epithelial barrier function allowing access of toxic materials (eg,

endotoxin) from the chyme to the general circulation."7'576o Thus, although the

vulnerable mucosa has a high regenerative capacity”, the ability to limit

mucosal injury during regional or generalized splanchnic hypoperfusion has far

reaching implications.

Although tissue damage in ischemic states may involve inadequate supply

to the tissues of diffusible nutrients other than oxygen and inadequate removal

of accumulated products of cellular metabolism“, traditionally cellular injury

and tissue disruption has been predominantly attributed to an inadequate

supply of oxygen.“79 According to this "anoxic theory" of cellular injury, an

inadequate supply of molecular oxygen forces cells to rely on temporary and

somewhat inefficient means of energy provision, such as anaerobic glycolysis.

If such a state is prolonged, production of high energy intermediates such as

adenosine triphosphate (ATP), cannot keep pace with utilization, cellular

energy charge falls and endergonic processes responsible for cellular

homeostasis slow or cease. Metabolic disruption is exacerbated by

accumulation of the by-products of anaerobic metabolism, such as lactic acid,

altering Optimal cytoplasmic pH.
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Cellular membrane function is an early casualty, as failure of

sodium-potassium ATPase activity leads to disturbed regulation of cellular

sodium, potassium and calcium concentrations and distributions. Inappropriate

fluid accumulations occur secondary to ionic shifts. Binding of phorbols of

ionized calcium to calmodulin occurs, forming calcium-calmodulin complexes

which have been implicated in a number of degenerative processes including

mitochondrial toxicity, separation of cell junctions, alteration of microtubules

and activation of phospholipases. Terminally, hydrolysis of membrane

phospholipids occur, including those in the plasma membrane and those in

membranes surrounding intracytoplasmic organelles such as mitochondria, golgi

and lysosomes. Liberation of lysosomal hydrolases enhances membrane

degredation and autolysis ensues.

Although few researchers doubt that the above sequence of events are

important in cellular injury where oxygen deficit results from complete and

permanent cessation of blood flow, several observations have led numerous

investigators to pose an alternate theory of tissue injury associated with

ischemic states. First, many ischemic states are characterized by intermittent

or low blood flow (hypoperfusion) rather than permanent cessation of blood

flow. Under such circumstances, it has been demonstrated that much of the

observed injury occurs during the periods of increased flow

(reperfusion)33"‘6’3°'31 Indeed, in some models, injury after a period of no flow

or low flow was not as severe as that occurring after an equivalent period

including a shorter duration of no or low flow, followed by a period of

reperfusion.” Secondly, it has been found that administration of a number of
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compounds during or following reduced flow, but prior to reperfusion, can

significantly attenuate the tissue injury normally observed. These compounds

have in common the ability to inhibit the formation or action of reactive

oxygen intermediates, known as oxygen derived free radicals

(ODFR)29“3"":"”‘9'32'89 Although the pathobiology of free radical formation and

mechanisms of free radical mediated injury will be covered in more detail in

the review to follow, advocates of this "reperfusion theory" of ischemic tissue

injury, suggest that deprivation of oxygen from the tissue creates a biochemical

environment that is primed for free radical generation upon reintroduction of

molecular oxygen. Subsequent tissue damage is a result of free radical

interaction with and disruption of cellular membrane lipids and

depolymerization of intercellular ground substances.90 The exciting corollary

of the "reperfusion theory" of ischemic tissue injury is that, under some

circumstances, therapy may be instituted well after the onset of the initiating

pathogenic mechanism, i.e. tissue hypoxia, and yet reduce or remove the

deleterious functional and structural consequences.

The "reperfusion theory" of ischemic tissue injury has been investigated

in a number of tissues including brainm‘”, myocardiumgs‘”, kidney”, skeletal

muscle“, skinlm, and intestinc.2‘L3’4’3'f’33"‘3239'102'10‘5 Over the period 1981-1988 Parks,

Granger et a129’34’37’38’82‘89’102’105, using a feline model of regional, jejunal

hypoperfusion, have been able to document functional and morphologic

protection using a number of free radical inhibiting compounds including

allopurinol, superoxide dismutase, catalase, manitol, iron chelators, protease

inhibitors and dimethyl sulfoxide. The ability of dimethyl sulfoxide to limit
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ischemic intestinal injury has also been documented by a number of other

investigators utilizing murine and canine modelsss'” Dimethyl sulfoxide

(DMSO) is an aprotic solvent with numerous pharmacologic actionsm,

including the ability to irreversibly bind the highly reactive hydroxyl radical

(OH’)108 It has for many years been utilized in equine medicine as a topical

anti-inflammatory and analgesic drug.109 It has more recently been employed

systemically in horses with acute central neurologic conditions.109 It is

therefore possible that systemic administration of DMSO to horses with

confirmed ischemic intestinal disease may limit intestinal tissue injury and, in

combination with accepted surgical and medical intervention, decrease the high

mortality currently associated with this condition. Thus, as DMSO is widely

available, inexpensive and currently used systemically in horses, I chose to

investigate the ability of this drug to attenuate the physiologic and

morphologic changes induced in equine jejunum by ischemia and reperfusion.



II. GENERAL REVIEW OF LITERATURE

A. PATHOPHYSIOLOGY OF INTESTINAL ISCHEMIA

It has been claimed that man’s interest in the intestine and its circulation

may be traced back at least 30,000 years, where a cave painting in Lascaux,

France depicts red loops of bowel protruding from a bison’s abdomen.no Man’s

early concepts of the general circulation placed great importance on the role

of the splanchnic circulation. Phlebotomy, the practice of removing blood

from the peripheral veins to relieve evil humors from the abdominal and other

viscera, developed from the works of Diogenes and Hippocrates describing

vascular communications between the veins of the forearm and those of the

splanchnic circulation.110 The Greek theory of sanguification, the process by

which blood was formed from food, proposed that blood is formed in the liver,

following suction of food from the intestinal circulation through the portal

vein. In his essays on vascular anatomy and physiology, Galen (AD 129-199),

furthered the theory of sanguification, suggesting the bi-directional flow of

portal venous blood depending on nutritional needs.110 It is interesting to note

that the concepts of sanguification persisted until the works of Harvey111 and

Leeuwenhoekm in the 17th century, who described the importance of the heart

and the circulatory nature of blood flow (Harvey) and the details of

microvascular anatomy (Leeuwenhoek) Halesm, in 1733, perfused dog intestine

with water of varying temperatures and developed the concepts of blood flow

regulation by vasoconstriction and vasodilation. It is of particular interest to

the author to note the work of Poiseuille in 1813““, who in experiments
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perfusing equine jejunum, developed the currently held principles of vascular

hydraulics, and the instrument that was to become central to arterial and

venous pressure investigation, the mercury manometer. Progress since this

time has largely paralleled the development of advanced histologic and

physiologic techniques and has included as milestones, advanced descriptions

115-118

of vascular anatomy , elucidation of the relationships between intestinal

blood flow, oxygen consumption and the functions of secretion and

119-122
absorption , the relationship between motility and blood flowm‘m,

permeability characteristics of the intestinal microvasculaturemm, extrinsic

control of splanchnic blood flow7’3o’35m132, concepts of blood flow

autoregulation and autoregulatory escape 133436, and the role of the intestinal

circulation in general circulatory homeostasism'140

Historically, interest in the pathophysiology of intestinal ischemia stems

not so much from an interest in the fate of bowel deprived of its blood supply

by regional physical displacement, i.e. strangulating obstruction (eg. volvulus,

torsion, intussusception, strangulating hernia) or even regional vascular

accidents,(eg. thromboembolism, verminous mesenteric arteritis), but rather

from an interest in elucidating the relationships between general circulatory

inadequacy and intestinal mucosal lesions. Perhaps the first recognition of this

relationship was a report in 1823 by Cumin”l on the occurrence of hemorrhagic

necrosis of the intestinal mucosa in humans with severe burn injury. In the

century and a half to follow, such observations were made with increasing

142-145

frequency, first in association with burn injury , then hemorrhage and

146-147 148-150
trauma , cardiac failure and enteritis and endotoxemiaPuS2 Indeed,
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intestinal lesions became recognized in association with almost any cause of

generalized circulatory embarrassmenth or chronic debilityds‘r’m The

severity of intestinal lesions varied greatly, from incidental necropsy findings

involving only the mucosal”, to fulminant transmural necrosis involving a

considerable length of the bowelm'”8 In the latter case the literature often

becomes confusing because of application of diverse terminology including:

massive intestinal infarction, intestinal gangrene, postoperative enterocolitis,

pseudomembranous enterocolitis, intestinal apoplexy, necrotizing jejunitis and

colitis, acute necrotizing enterocolitis, acute hemorrhagic necrosis, endogenous

gangrene“, and most recently non-occlusive mesenteric ischemia/infarction.”4

The common denominator of these conditions was a lack of physical

intraluminal obstruction of the mesenteric vasculature, hence the term

"non-occlusive." To this list may be added a large number of conditions in

which diminished intestinal mucosal blood flow, with or without vascular

luminal compromise, is thought to play a role, cg. Staphylococcal and

Clostridial enterocolitis, radiation enterocolitis, uremic colitis,

potassium-induced stenotic ulcer, stress ulceration”9 and focal mucosal necrosis

associated with systemic lupus erythematosis, dermatomyositis, rheumatoid

arthritis, malignant atropic papulosis, diabetes, scleroderma19 and transient

ischemic colitis associated with oral contraceptive use.160

Whilst the concepts of ischemic intestinal injury resulting from

circulatory shock or generalized debility were developing, another group of

investigators emerged whose focus was defining the role of circulating humoral

factors in the perpetuation of circulatory shock. The earliest reports were
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those of Blalock161 and Katzensteinl‘z, describing humoral factors resulting

from traumatic crush injury and experimental tourniquet application

respectively. In 1945, Wiggers and Ingrahamm, attempted from an

experimental basis to standardize definitions of hemorrhagic shock and

consolidated the concept of "irreversible" shock. They also noted an inverse

relationship between the development of post-hypotensive hemorrhagic

diarrhea in experimental dogs and survivability. It was not until 1957,

however, that Richard Lillehei, in the classic paper 'The intestinal factor in

irreversible hemorrhagic shock'd“, suggested the importance of the ischemic

intestinal lesions formed during systemic hypotension in the perpetuation and

"irreversibility" of shock. This laid the ground work for a considerable body

of work in the past 30 years documenting the role of intestinal origin biogenic

amines, prostenoids, endotoxins, and cardiodepressant peptides in circulatory

shock.“7'56”5"6°'165’166 Thus, investigators concerned predominantly with the

intestinal consequences of shock and debility, and those concerned

predominantly with the systemic consequences of intestinal lesions, became

united in their desire to elucidate mechanisms in the pathogenesis of ischemic

intestinal disease. It should be noted at this point that this historical

perspective explains some of the diversity in experimental models used to

study intestinal ischemia. Models employed in a variety of species have

included total regional occlusion21 (from small segments of bowel to superior

mesenteric artery occlusion), regional hyp0perfusion21’loz, regional

hypoperfusion plus regional sympathetic stimulation“, hemorrhagic164 and

endotoxicso shock.
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The splanchnic circulation receives about 28% of the resting cardiac

output and contains 20% of the total blood volume, 65% of this being

distributed to the mucosa.167 It is well established that the earliest structural

and functional changes seen in intestine subjected to ischemia are centered

upon the mucosa.21'23'167'169 Here, the earliest changes noted are epithelial loss

from the villi beginning at the tips and progressing to the villus base in more

21
advanced lesions. With progression, the lamina propria and eventually

muscularis and serosal layers become involved in the inflammatory and

169
necrotizing process. In the latter stages, bacterial invasion and dense

leukocyte accumulations are prominent.169 The apparent selective vulnerability

of the mucosa may be related to many factors including its higher metabolic

170:1”, the high relative sensitivity of therate and hence nutrient requirements

mucosal vasculature to sympathetic stimulation, and hence diminished flow in

regional hypotensive states”, intraluminal factors”, mucosal intravascular

49'1”, the architecture of the microvasculaturem and the localizationcoagulation

of enzymes required for free radical generationm'175 As mucosal integrity has

been shown to play a vital barrier function between intestinal chyme, deeper

47,57-60
intestinal layers and the intestinal circulation and, as there is little doubt

that transmural infarction necessitates early surgical resection rather than

medical management alonem, most investigations have centered on the

pathogenesis of the early mucosal lesions.

The exact mechanism by which enterocytes are shed from ischemic

mucosal villi has been the subject of considerable investigation and debate.

Traditionally it was held that enterocyte lactate accumulation and the
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resultant drop in intracytoplasmic pH produced lysosomal disruption with

liberation of acid hydrolases, which subsequently disrupted plasma membrane

integrity.”168 Black-Schaffer et a1”8 suggested that ischemic depression of

enterocyte membrane function was sufficient to allow overhydration of

enterocytes leading to osmotic explosion with fragmentation and loss into the

lumen. Since 1963, Bounous, in a series of publicationswn‘m, has developed

the theory of "trypic enteritis." The theory essentially states that during low

flow, hypoxic conditions, the energy depleted enterocytes cannot maintain

luminal brush border glycoprotein production. The action of pancreatic

elastase and bile salts in removing border glycoproteins in the face of

decreased production renders the underlying structures accessible to the

digestive action of pancreatic endopeptidases, including trypsin.

None of these theories are consistent with the histologic findings of

Chiu”, Brown”, and Wagner“ that ischemic villus injury is characterized by

lifting of Sheets of intact enterocytes away from the basement membrane and

lamina propria, a process which progresses from the villus tip to the base.

These groups propose that the basic lesion is the interposition of accumulated

fluid between the enterocyte and the basement membrane and lamina prepria.

This fluid accumulation at the villus tip had for some time been recognized

by microscopists as Gruenhagen’s space.21 Brown et al22 extended this proposal

to suggest that the fluid wedge not only acts to mechanically separate the

epithelium from the lamina propria, but adds insult to the injury of

hypoperfusion by decreasing the diffusion of oxygen and nutrients from

capillaries to the enterocytes. Both Brown22 and Wagner"5 have suggested that
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the fluid arises from expulsion of cytoplasmic blebs of unwanted water from

the enterocytes at their basilar portions. Wagner” contends that this is a

preservative mechanism that cells employ in energy deficient states where the

rapid fall in cellular ATP disables the sodium-potassium pump. An alternative

mechanism may involve failure to remove fluids normally transported inward

by the enterocyte due to lymphatic obstruction and capillary stasis.21 A third

proposal is that much of this fluid may arise from injured villus capillaries.

This was originally suggested to reflect increased capillary permeability caused

by endothelial anoxiazw’m, but has more recently been ascribed to the action

of oxygen derived free radicals on intestinal capillary endothelia and basement

membranes29'34'37’38’88'102'105 Indeed, the free radical mechanism of membrane

damage may be extended to the enterocyte plasma membrane and basement

membrane themselves, and thus may play a role in epithelial lifting and fluid

accumulation, whether it be of enterocyte or capillary origin.

Whether one ascribes to the lysosomal disruption, osmotic explosion,

tryptic digestion or subepithelial fluid accumulation theories of early mucosal

injury, it is clear that currently most investigators attempt to explain their

findings by reliance upon one of two basic mechanisms of ischemic injury. The

first of these is the traditional anoxic theory, where falling cellular

(predominantly epithelial and endothelial) energy charge results in membrane

destabilization and eventual disruption. The second is the reperfusion theory,

whereupon tissue disruption results from membrane lipid peroxidation and

ground substance denaturation induced by oxygen derived free radicals This

latter theory will be discussed in more detail in the second part of this review.
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Investigation of the responses of the equine jejunum to ischemia have

been largely limited to the past 20 years. In 1968, Nelson and Collier188

examined the systemic cardiovascular, hematologic and biochemical changes in

horses with experimental colonic infarction, and compared the response in

untreated horses to those treated with oral neomycin, repetitive endotoxin

challenge and Clostridium perfringens toxoid. Typical histological lesions,

progressing from the epithelium toward the serosa were briefly described. No

attenuation of mucosal injury by treatments was described; however, oral

antibiotic treatment was claimed to attenuate systemic changes. Hjortkjaer

and Svendsen40 studied the systemic responses in 7 horses, 4 of which had

experimental intestinal volvulus simulated by mesenteric venous ligation

combined with luminal occlusion of 17 hours duration. In all cases, the

descriptions were consistent with transmural infarction, the mucosa being

described as "black, edematous and swollen." White et 31“1 examined jejunal

mucosal morphology in 5 ponies subjected to 30180 minutes of experimental

strangulation obstruction, induced by mesenteric arterial and venous ligation

and luminal obstruction. Their findings confirmed the character and

development of villus lesions as described in dogs by Chiu21 and the

progression of structural damage following ligature removal. Sullins et al42

differentiated between ischemic (arteriovenous occlusion) and hemorrhagic

(venous occlusion alone) models of strangulation obstruction and suggested that

hemorrhagic occlusion models more closely approximate the clinical situation

of strangulating obstruction where mesenteric pressure is more likely to cause

venous than arterial compression. With the exception that venous occlusion
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caused increased congestion, edema and hemorrhage throughout the bowel

wall, mucosal lesions were graded the same after 1 to 3 hours of either form

of occlusion.

In a histologic assessment of the gastrointestinal lesions from 30 horses

with a naturally occurring colic, Meschter el al7 described mucosal lesions

similar to those resulting from experimentally induced ischemia, not only at

the primary lesion site, but also at sites proximal and distal to the primary

lesion. The changes reported included epithelial Sloughing, diffuse multifocal

subsurface aggregates of necrotic debris, subepithelial cleft formation, vascular

engorgement and neutrophilic infiltration. Although splanchnic ischemia

and/or endotoxemia was suggested as causing these secondary lesions, their

origin was not concluded. This study also suggested a correlation between

histologic mucosal lesion severity and survivability. This latter finding was

reinforced by the study of Allen, White and Tylerlsg' where correlation was

also found between mucosal lesion severity, intraluminal hydrostatic pressure,

peritoneal fluid protein concentration and survivability in 20 horses with

naturally occurring obstructive small intestinal disease. In a subsequent study,

Allen et al190 was unable to correlate the mucosal lesions found in distended

bowel anterior to the primary lesion with the presence of increased

intraluminal hydrostatic pressure.

143

Freeman et a used venous and arterial-venous occlusion models similar

to those of Sullins et al42 to examine mucosal healing and chronic changes in

equine jejunum following 2 and 3 hours of vascular occlusion. Their data

suggests that in both models, epithelial regeneration is well progressed by 12
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hours post-ischemia. Chronic sequella of both forms of injury were minimal,

and limited to mesenteric contraction in the venous occlusion group.

Morphologic changes in equine large colon subjected to experimental

ischemia have recently been described by Snyder, Orlander and Pascoe el al.191

Using both arterial-venous and venous occlusion models, they described

mucosal changes that were characterized by epithelial cellular necrosis prior

to sloughing. These findings differ considerably from that reported for small

intestinal lesions in the horse and other species.

There has been very little work on therapeutic intervention directed at

limiting early mucosal lesions in ischemic equine bowel. Nelson et al188

suggested that oral antibiotic adminstration may ameliorate some of the

systemic consequences of colonic infarction, but histologic improvement was

not noted. This therapy has not gained favor in the past 20 years. Moore,

White and Trim et al192 found that administration of intraluminal oxygen

prior to reperfusion helped to preserve mucosal integrity in ponies with

experimental strangulation obstruction. In the past 8 years, however, this has

not become a common practice perhaps because of technical limitations

Parker, Fubini and Carr193 evaluated the use of low dose heparin therapy for

prevention of intraabdominal adhesions in ponies with ischemic intestinal

lesions. Although their report suggested a beneficial effect, the number of

experimental animals involved were rather limited. To date there has been no

investigation of the role of oxygen derived free radicals in the pathogenesis

of ischemic intestinal injury in the horse.
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B. PATHOBIOLOGY OF OXYGEN DERIVED FREE RADICAL

MEDIATED TISSUE INJURY

It was about 500 years ago that Leonardo da Vinci observed that only

part of air is consumed during combustion and respirationm; however, it was

only about 200 years ago that Lavoisier recognized oxygen as an element and

its necessity for respiration.194 Since that time, oxygen has generally come to

be held as an element central to the survival of animal species. Only relatively

recently has the potential "toxicity" of oxygen been recognized in biologic

processes. Elemental or molecular oxygen exists naturally as 2 atoms (02)

which possess interesting physical attributes. Molecular oxygen possesses 2

unpaired electrons, of parallel spin in its outer orbits. This configuration tends

to "seek" electrons and thus, thermodynamically, molecular oxygen tends to act

as an electron acceptor, i.e. oxidizing agent. Kinetically, however, molecular

oxygen is slow to react in spontaneous oxidizing reactions, as one of its outer

electrons must undergo spin reversal before divalent (2 electron) or

quadravalent (4 electron) oxidation can occur.“ This spin restriction, however,

makes oxygen suitable for enzymatic reduction, as in those reactions, time for

spin reversal can occur.“ The electron seeking (oxidizing) character of

,molecular oxygen is harnessed as the thermodynamic "pull" behind

mitrochondrial electron transfer and coupled reactions (eg. ATP production),

which are the focus of cellular aerobic energy provision.195

It has been hypothesized, however, that the "beneficial" effect of oxygen

is the result of evolutionary adaption to the "toxicity" of oxygen. The earliest

life forms resulting from the interactions of hydrogen, ammonia, methane,
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water and radiation were presumably anaerobic organisms.196 The development

of blue-green algae led to the release of molecular oxygen into the

biosphere.197'1"8 The presence of oxygen tends to oxidize carbon to carbon

dioxide, hydrogen to water, and nitrogen to nitrous oxidem and increasing

concentrations of atmospheric oxygen applied severe evolutionary pressure to

organisms dependent upon anaerobic photoreduction and fermentation to

evolve mechanisms for the biological control of oxygenm The mechanism so

evolved, is the tetravalent reduction of O, to HZOM’I”, i.e. the mitochondrial

cytochrome chain. It is thus speculated that the cytochrome system might

have evolved as a mechanism for oxygen detoxification, to later further evolve

and be exploited for its efficient production of energy from metabolism of

scarce organic substrates.19‘5'm’199

A category of related molecular species are the oxygen derived free

radicals. By definition a "free radical" is any atom, group of atoms or molecule

with one unpaired electron occupying an outer orbitm This configuration

leads to high reactivity as there is a strong tendency to gain (oxidize) or lose

(reduce) electrons from or to another molecule. Thus, by definition, molecular

oxygen itself may be described as a "bi-radical", because of its two unpaired

outer electrons. Free radicals derived from oxygen include the superoxide

radical (02"), hydrogen peroxide (H202), the hydroxyl radical (OH') and singlet

oxygen (021)197 The latter is a form of molecular oxygen where one of the

outer electrons has been raised to a higher and thus more reactive energy

state. The involvement of free radicals in biological systems was first

described by Haber and Willstatter in 1931“”201 observing the oxidation of
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organic compounds and enzymes by hydroxyl radicals. In the early 19608

singlet oxygen was recognized202 and its role in photosensitized oxidations

discovered.203 It was not until the late ’60s, however, that McCord and

Fridovich discovered the production of the superoxide free radical in biological

reactions204 and described the enzymatic role of superoxide dismutase (SOD)205

The latter discovery, in particular, led to the concept that oxygen derived free

radicals were regularly produced in biologic processes and that evolution had

led to development of a number of cellular mechanisms to "detoxify" these

potentially damaging species. If we return to the concept that molecular

oxygen is safely handled by its tetravalent reduction by the mitochondral

cytochrome system, Fridovichm‘5 recognized that up to 5% of the oxygen

consumed escapes tetravalent reduction and undergoes sequential univalent

reduction, with concommitant production of the oxygen derived free radicals

02", OH’, H202. Indeed, the protective cellular enzymes SOD, catalase and

some peroxidases, probably developed to protect the cell from this "univalent

leak."197’198'206 Following the discoveries of McCord and Fridovich in the late

1960904305, there was an explosion of interest in the roles of oxygen derived

free radicals in biologic and, indeed, pathologic processes. Work in the 1970s

particularly emphasized their role in phagocyte bactericidal activitym'm,

20931”, mechanisms of radiobiologicalphagocyte mediated inflammatory reactions

damage211 and pulmonary oxygen toxicity. 212 McCord has estimated that in

the period 1969-1983 some 6,000 published reports dealt with the cytotoxicity of

the superoxide radical.195
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In general, oxygen derived free radicals (ODFR) directly mediate tissue

damage, both at extracellular and intracellular locations. Extracellularly,

glycosaminoglycans, including hyaluronic acid, which form part of basement

membranes, intercellular matrices and specialized fluids such as the vitreous

and synovial fluid, have been shown to undergo degradation when exposed to

97
radical generating systems.1 Such degradation has been termed

97
oxidative-reductive depolymerization.l Collagen has also been shown to

s23 The majorundergo structural alteration when exposed to Similar system

destructive effects however, are cellular and involve biomembranes.

Peroxidations of polyunsaturated fatty acids (PUFA) within biomembranes

results in a chain reaction effect, with sequential PUFA peroxidation and

membrane destabilizationm Both the plasmalemma and membranes

enveloping cellular organelles, such as lysosomes and mitochondria, may be

involved. Lastly, DNA damaged by radical flux has been demonstrated214 and

this, as well as the action of lipid peroxidation products, may play a role in

carcinogenesis.197 In addition to primary actions of ODFR, many secondary

actions may lead to tissue damage. Among the many documented are release

of lysosomal hydrolases“, leukocyte chemotaxism, arachadonic acid release via

alteration of phospholipase activity197 and stimulation of mast cell histamine

release.216

Our knowledge of the role of ODFR in ischemia-reperfusion injury has

come predominantly from studies conducted in this decade, many of them in

intestinal ischemia models. It has been known for some time that tissue

damage was often more pronounced during the reintroduction of blood flow
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rather than during the ischemic phase per 513,197,217 Thus, the terms

"post-ischemic tissue injury" and "reperfusion injury" came to be used?" In

1980”", DelMaestro postulated that post-ischemic injury may represent an

increase in "univalent leak" during incomplete ischemia, coupled with decreased

oxy-radical scavenging mechanisms. In 1981, Granger, Rutili and McCordm,

utilizing determination of osmotic reflection coefficient in a feline intestinal

ischemia model, demonstrated the involvement of the superoxide radical in

ischemic injury. Osmotic reflection coefficient, an index of microvascular

permeability, had already been utilized as an indicator of early tissue

injury?”221 In their model, pretreatment with superoxide dismutase (SOD),

but not with benadryl and cimetidine, indomethacin or methylprednisolone,

significantly attenuated the permeability increase induced by ischemia. In a

further study”, pretreatment with SOD or allopurinol were able to attenuate

morphologic changes in feline intestine subjected to hypoperfusion. Further,

they proposed a biochemical cascade to explain the role of free radical

mediated ischemia-reperfusion injury. According to this theory, low tissue

oxygen availability and hence, cellular energy charge, precipitated two

biochemical conversions. The first was the catabolism of adenosine

triphosphate (ATP) to adenosine monophosphate (AMP) and then adenosine,

inosine, and hypoxanthine, i.e. the normal pathway for purine catabolism

during energy deprivation. The second was the conversion of the cellular

enzyme xanthine dehydrogenase (XD) to xanthine oxidase (X0) It is the

action of XD upon hypoxanthine and xanthine which form uric acid, the usual

excretory product of purine metabolism. However, the action of X0 upon
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hypoxanthine, in the presence of molecular oxygen, leads to a different

reaction, and ODFR formation. Thus, it was suggested that low oxygen

availability leads to cellular hypoxanthine and X0 accumulation, whilst the

reintroduction of oxygen during reperfusion triggers the sudden generation of

ODFR. They were able to piece together this theory based on knowledge that

1) xanthine oxidase had been the first documented biologic source of

superoxide”, 2) intestine and liver were known to be the richest sources of

xanthine oxidasem, 3) conversion of xanthine dehydrogenase to xanthine

oxidase had been documented in vitro under conditions of low oxygen tension

or proteolysism’m, 4) DelMaestro224 had already demonstrated superoxide

induced vascular leakage following application of xanthine oxidase and

hypoxanthine to a hamster cheek pouch preparation, and 5) the drug

allopurinol, a specific xanthine oxidase inhibitor, had been shown to provide

protection in models of hemorrhagic shock?” and myocardial ischemia.226 It

is interesting to note that the protective effects of allopurinol had previously

been attributed to its ability to inhibit purine base loss from energy poor cells

by xanthine oxidase inhibitionm’m It remained to be shown that conversion

of xanthine dehydrogenase to xanthine oxidase (D-O conversion) occurred in

vivo triggered by ischemia. McCord and Roy were able to provide this

information in 1982217 by assaying for XD/XO in rat ileal tissue frozen in

liquid nitrogen at varying intervals following excision. Using this method,

they demonstrated that D-oO conversion occurred very rapidly, the majority

within 5 to 10 seconds of excision and almost complete conversion within 40

seconds. The irreversibility of the D-0 conversion by thiol reductants
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suggested proteolytic conversion. The time course was probably too short for

proteases derived from lysosomal disruption and as rapid calcium influx

227, calciumassociated with cellular energy deprivation was known to occur

modulated protease activity was suggested?" More recently, Parks et al228

have been able to demonstrate that treatment with protease inhibitors

attenuate vascular permeability increases and mucosal lesions associated with

feline intestinal ischemia. Further work of this group has also focused on

identifying the radical species most involved with ischemic intestinal injury.

Both DMSO”, a hydroxyl radical scavenger and iron chelators deferoxamine

and apotransferrinm, which prevent iron catalyzed hydroxyl radical production

(Haber-Weiss reaction), prevent ischemia produced microvascular permeability

changes. Thus, the hydroxyl radical has been implicated as the principle

pathogenic species. A diagramatic summary of the biochemical processes

leading to ODFR mediated ischemia-reperfusion injury, and potential

therapeutic interventions is presented in Figure 1.

Although the pioneering work of McCord, Granger and Parks in

elucidating the role of ODFR in ischemic processes has been reinforced by a

large number of investigators working on intestinem'33'36'39’8385'8738'1“, muscle“,

heart””, kidney”, brain”’“, and skin101 models of ischemic injury, their

theories are by no means universally accepted. Among the greatest proponents

of the ”anoxic theory" of ischemic intestinal injury are the group of Lundgren,

Haglund et al.35'41 During intestinal low flow states, it is argued, total villus

blood flow is largely unchangedm'231 Increased blood transit time allows

extravascular shunting of oxygen via the villus counter-current exchangerm,
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making the tip relatively hypoxic and thus explaining the progression of

intestinal lesions from the villus tip toward the base.” This group maintains

that the most important tissue damage occurs during the ischemic phase” and

vigorous debate within the literature continues.35'37'38"“'“59

The specific objectives of the investigation here undertaken were; 1 To

establish a model of equine jejunal ischemia-reperfusion injury, 2. To examine

the effects of ischemia and reperfusion on equine jejunal vascular resistance,

oxygen consumption, motility, tonus (compliance) and potassium loss, 3. To

extend current knowledge regarding the morphologic and ultrastructural

changes in equine jejunum following ischemia and reperfusion and 4. To

determine the ability of a systemically administered hydroxyl radical

scavenging agent, dimethyl sulfoxide, to attenuate the above physiologic and

pathologic changed induced in equine jejunum by ischemia and reperfusion.



III. EFFECTS OF ISCHEMIA AND DIMETHYL SULFOXIDE ON

EQUINE JEJUNAL VASCULAR RESISTANCE, OXYGEN

CONSUMPTION, INTRALUMINAL PRESSURE AND POTASSIUM

LOSS.

A. MATERIALS AND METHODS

W:Eighteen healthy, mixed-breed ponies were

studied. All ponies were vaccinated against equine influenza,

encephalomyelitis . and tetanus,‘ treated with an anthelmintic (pyrantel

pamoate, 6 mg/kg of body weight, per os)," and fed a diet of mixed hay and

oats for one month prior to beginning the study. Food but not water was

withheld for 12 hours prior to beginning the study. All experiments were

terminal and conducted under general anesthesia. Ponies were anesthetized

with an intravenous bolus of 10% thiamylalc administered to effect (6.611

mg/kg), placed in dorsal recumbency and mechanically ventilated‘1 with 100%

02 and halothane.e Arterial blood gas tensionsf were measured hourly to

permit adjustments in ventilation and ensure normal blood pH, PaCO2 and

hemoglobin saturation throughout the procedure. Lactated Ringer’s solution

was administered intravenously at 10 ml/kg/hr. The facial artery was

 

'Envac F04 with Havlogen, Haver-Lockhart Laboratories, Shawnee, Kan.

bStrongid Paste, Pfizer Inc, New York, NY.

cBio-tal, Boehringer-Ingelheim Animal Health Inc, St. Joseph, Mo.

dMark 9 Aereo Respirator and Mark 4 Anesthesia Assistor/Controller, Bird

Corporation, Palm Springs, Calif.

°Fluothane, Ayerst Laboratories Co., Cleveland, Ohio.

fRadiometer (ABL-l) The London Co., Cleveland, Ohio.

26
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cannulated (PE-240 tubing) and connected to a pressure transducer8 and a four

channel direct writing oscillographh to continuously measure mean arterial

blood pressure (MAP, mmHg) Through a ventral midline laparotomy, a 10-15

cm segment of distal jejunum, supplied by a single artery and drained by a

single vein was isolated, such that its mesentery and neural supply remained

intact. Both ends of the segment were tied and divided from adjacent

segments to exclude collateral blood flow. Following administration of

heparini (500 IU/kg/hr IV), an extracorporeal circuit was established between

the femoral artery and the single artery perfusing the intestinal segment.

This was achieved by interposition of a pulsatile pumpj between the above

arteries using PE-360 tubing and a 14-gauge needle (Figure 2) A 20-gauge

needle, which was connected to PE-90 tubing and a pressure transducer“, was

inserted into the perfusion artery catheter to monitor perfusion pressure

continuously. By regulating the pulsatile pump, blood flow was adjusted until

the perfusion pressure equalled the systemic arterial pressure. Blood flow(BF)

was held constant throughout the experiment, and flow determined at the end

of each experiment, using a graduated cyclinder and stopwatch. Following

evacuation of the luminal contents, a thin rubber balloon connected to a

rubber tube was secured within the segment lumen, partially filled with 37‘ C

 

8Model P-2306, Statham Instruments Inc, Cleveland, Ohio.

hModel SP-2000, Gould Inc, Cleveland, Ohio.

iHypo-Med Inc, Chicago, Ill.

jModel TSSH, Sigmamotor Inc, Middleport, NY.



Figure 2.
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water and connected to a pressure transducer“ by a 3-way stopcock to contin-

uously record changes in intraluminal pressure (ILP, mmHg) A thermocouple

was placed within the bowel wall and a heat lamp adjusted such that the bowel

temperature remained at 37 "C. The bowel was moistened with saline and

covered with a plastic film. Paired arterial and venous blood from the bowel

segment was collected into 10 cc serum tubes, centrifuged and the serum

assayed for potassium content by an ionspecific electrode technique" The

intestinal segment was trimmed of mesentery and weight (K, gm) recorded.l

Intestinal blood flow (IBF) was calculated by normalizing flow to 100 gm

of tissue: IBF (ml/min/100 gm) == BF.100 / K. Intestinal vascular resistance (R)

was calculated by dividing perfusion pressure (P) by intestinal blood flow (IBF):

R (mmHg/ml/min/lOO gm) = P / IBF. Oxygen consumption (V02) was

calculated as the product of oxygen content difference (AAVOZ) and intestinal

blood flow (IBF): V02 (ml/min/100 gm) = AAV02.IBF. Intestinal motility was

assessed as frequency and amplitude of rhythmic (2-5 seconds duration) changes

in luminal pressure. To better assess bowel tone, intestinal wall compliance (C)

was determined by addition of three 60 ml increments of warm (37°C) saline

to the luminal balloon via the stopcock. Intestinal compliance (C) was

calculated by dividing the highest volume introduced into the balloon (180 ml)

by the difference between intraluminal pressures at 0 and 180 ml balloon

volume: C(ml/mmHg) = AV / AILP where V=180 ml.

 

kBeckman System E4A; Bechman Instruments Inc, Clinical Instruments

Division, Brea, Calif.

lMettler p163; Mettler Instrument Corp, Hightstown, NJ.
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Arteriovenous potassium concentration difference (AAV[K+], mEq/L) was

determined at the end of the baseline recording phase, immediately upon

reperfusion and at 30 and 60 minutes of reperfusion. In the groups subject to

ischemia (III and IV), a series of fifteen consecutive paired 10 cc aliquots were

collected immediately upon reperfusion, so that a tissue K+ washout curve

could be generated. The total quantity of K+ lost into the first 150 ml of

reperfusion blood was used to calculate a potassium loss index: K+ lost

mEq/100 gm = AAV[K+]1,15.

WThe 18 ponies were divided into four groups:

Group 1, Control (n=3); Group II, DMSO (n=3); Group III, Ischemia (n=6);

Group IV, Ischemia, DMSO (n=6) In all four groups, the measured variables

were allowed to stabilize following instrumentation. This was followed by a

30-minute recording phase to establish steady baseline values (baseline phase)

In Groups I and II perfusion continued uninterrupted for a further 120

minutes In Groups III and IV, flow was completely halted for 60 minutes

by turning off all pumps (ischemia phase) Flow was then reintroduced at the

previous rate for a further 60 minutes (reperfusion phase) In Groups II and

IV dimethyl sulfoxidem (1 gm/kg body weight) diluted in 1 L of lactated

Ringer’s solution was administered intrajugularly over 10 minutes immediately

prior to the reperfusion period. Groups I and III received an equal volume of

lactated Ringer’s.

 

mMethyl sulfoxide, 99+%; Aldrich Chemical Co, Inc, Milwaukee, Wis
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In all 4 groups, MAP and ILP were recorded throughout the 150 minute

protocol. R and AAVOZ were recorded in all phases in Groups I and II and

during baseline and reperfusion phases in Groups III and IV. Compliance (C)

measurements were made 15 minutes into the baseline phase and at 30 minute

intervals thereafter. Potassium samples were collected as described above.

WChanges in R, V0,, frequency and amplitude of

rhythmic contractions, C and AAV[K+] were compared to baseline values

within groups by a repeated measures analysis of variance, with differences

between means evaluated by the Student-Newman-Keuls procedure (p < 0.05)

Regression of tissue potassium loss against preischemic tissue oxygen

consumption was analyzed by the least squares regression analysis.

B. RESULTS

In Groups I and 11 there were no significant changes in R, V02, C,

AAV[K+], amplitude or frequency of rhythmic contractions over time. In

Group III, R was significantly increased immediately upon reperfusion (p <

0.01) and had returned to baseline value within 5 minutes. By 15 minutes of

reperfusion, R had fallen to a level significantly below baseline and continued

to fall for the remainder of the reperfusion period A similar significant rise

in R immediately upon reperfusion was seen in Group IV. Within 5 minutes,

however, R had returned to baseline values and did not significantly change

during the remainder of reperfusion (Figure 3) In Group III, VO2 was

significantly lower (p < 0.01) than baseline by 5 minutes of reperfusion. V02

continued to decline during the reperfusion period. Similarly, in Group IV,
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V02 was significant below baseline from 5 minutes of reperfusion onward

(Figure 4) In Groups III and IV, frequency of contractions steadily declined

throughout ischemia to reach values significantly below baseline by 30 minutes

in Group III (p < 0.01) and 45 minutes in Group IV (p < 0.05) Within 5

minutes of reperfusion, however, frequencies had returned to baseline values

in both groups (Figure 5) In Group III and IV, there was an increase in

amplitude of rhythmic contractions immediately upon induction of ischemia

and reperfusion. In Group III this was significant only at reperfusion, but in

Group IV was significant at both time periods. In each case this was a

short-term effect lasting approximately 3-4 minutes (Figure 6) There were no

significant changes in intestinal wall compliance over time in any group. In

both Groups III and IV AAV[K+] immediately upon reperfusion was

significantly higher than baseline values. The first reperfusion value (R0)

represents the third reperfusion aliquot, which was usually the peak AAV[K+].

Subsequent reperfusion values (R30, R60) were not significantly different from

baseline (Figure 7) For ponies in Groups III and IV potassium reperfusion

washout curves were constructed as described above, allowing generation of

an index of intestinal tissue potassium loss (AAV[K+]1'15) As the patterns of

loss were not different between groups (Figure 7), the two groups were

combined and potassium lost analyzed against baseline V02 for each intestinal

segment. There was significant regression of AAV[K+]1-15 upon VO2 (base)

(Figure 8) Mean and standard error values for R, V0,, frequency and

amplitude of rhythmic contractions, C and AAV[K+] are presented in the

appendix [Tables 38}
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baseline) value. *Significantly different from preischemic value.

(P < 0.05)
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Figure 7. Potassium concentrations (mEq/L) in arterial and venous blood

supplying the intestinal segment. B = preischemic baseline, R0

= third 10cc aliquot immediately upon reperfusion, R30 = 30

minutes of reperfusion, R60 = 60 minutes of reperfusion.

*Significantly different from preischemic value. (P < 0.05).
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C. DISCUSSION

In this study, I used a model of jejunal ischemia to demonstrate the

changes that occur in rhythmic motility, wall compliance and potassium flux

during and following one hour of ischemia and the changes in intestinal

vascular resistance and oxygen consumption following one hour of ischemia

(reperfusion)

Ischemia (Groups III and IV) caused a significant increase in vascular

resistance immediately upon reperfusion (Figure 3) This is a brief effect

lasting less than 5 minutes and is thought to result from compression of mural

vessels by muscular activity initiated by the reintroduction of blood flow.2m

23° This can be appreciated from examination of Figure 6 (amplitude of

rhythmic contractions), where intense contractions are seen to occupy the first

5 minutes of intestinal reperfusion. In Group 111, this period is followed by a

progressive decline in vascular resistance to levels which remain significantly

below pre-ischemic baseline. There are two probable explanations for this

decline. First, this may represent physiologic vasodilation to facilitate oxygen

debt repayment (reactive hyperemia)231'234 This is unlikely as in constant flow

models of reactive hyperemia there is an increase in oxygen extraction

[resulting in a temporary increase in oxygen consumption (extraction x flow)]

as the principle mechanism of debt repayment.234 In group III ponies,

however, a decrease in oxygen consumption occurred, suggesting that the

vasodilation seen in these ponies is not metabolically consistent with oxygen

debt repayment. A second explanation is that the decreased vascular resistance
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represents a vascular response to tissue injury (inflammatory response) or

pathologic damage in the intestinal vasculature itself. Vasodilation235 and

increased capillary permeability"36 have both been recognized as early

pathologic changes leading to tissue edema in various models of vascular

injury. Further, in models of cerebral injury, such vasodilation has been in

large part shown to result from generation of oxygen derived free radicals and

is obtunded by administration of free radical scavenging agents such as SOD,

catalase, DMSO and glycerol.93’23’5’237'238 This is consistent with our finding that

in Group IV ponies administered DMSO prior to reperfusion, no such decline

in vascular resistance was observed. As vascular permeability and interstitial

fluid accumulation were not quantitated however, it is not possible to conclude

that maintenance of vascular tone necessarily represents a tissue protective

effect.

Oxygen consumption by small intestine is an indicator of tissue activity

and viability. In Groups I and 11, there were no significant changes in

intestinal oxygen consumption over time. In Group III, all values recorded

during reperfusion were significantly below preischemic values (Figure 4)

Oxygen is consumed by intestine both for metabolic functions of the mucosa

and muscular activity of the intestinal wall. As bowel activity, assessed by

amplitude and frequency of rhythmic contractions, was not below preischemic

values during the reperfusion phase, it is more likely that decreased oxygen

consumption reflects diminished mucosal rather than mural consumption. This

thesis is supported by the accompanying histologic findings and reports from

other studies in the dog,21.103.239.240 cat,29'32'3“'32’102 rat,35’2‘u horse,“"’2 and man”;



41

where the mucosa has been shown to be the prime target for early ischemic

injury. In Group IV ponies, administration of DMSO prior to reperfusion did

not improve intestinal oxygen consumption during reperfusion, and therefore

did not preserve metabolic activity of the intestinal segment.

There is considerable diversity within the literature as to the effects of

l,"1 in a subjective evaluationischemia on small intestinal motility. White et a

of motility in ponies undergoing experimental strangulation obstruction found

that at 30 minutes of ischemia, bowel still responded to physical stimulation.

There was return to "near normal" motility one hour following 50 minutes of

ischemia but reduced motility after 2 hours. Davies and Gerringz"2 found that

deprivation of blood supply to small intestinal segments of horses led to

significant reductions in frequency and amplitude of contractions from the

first hour onward. Sullins et al42 reported that in horses undergoing ischemic

strangulation obstruction there was an initial increase in spontaneous motility

as assessed visually, however specific time periods were not recorded. Our

findings of a significant increase in amplitude of rhythmic contractions for less

than 5 minutes at the onset of complete ischemia (Group IV) and again at

reperfusion onset (Groups III and IV), are supported by a number of studies

in other species.8'12’229'242 The precipitating conditions for temporary

hyperexcitability have not been established, but one of 3 mechanisms is usually

suggested; hypopolarization of smooth muscle cells by potassium efflux,2“3'2“4

humoral mediators of smooth muscle contraction such as seratonin,”

histamine, catacholamines and polypeptides,246 or a local neurally mediated

reflex?”29 Although we found significant potassium loss from ischemic bowel



42

(Figure 7), the occurrence of increased activity at both onset of ischemia and

reperfusion and the finding of Chou that local administration of tetradotoxin

abolishes the response,229 tend to support the latter theory. Our observations

of a progressive decrease in frequency of contractions during the hour of

ischemia, followed by return to normal within 5 minutes of reperfusion

(Groups 111 and IV), are supported by other investigations.3‘12'229'242 As early

as 1898, Bayliss and Starlingw recognized that obstruction of the thoracic aorta

in anesthetized dogs led to rapid cessation of rhythmic intestinal motility.

With the interest in traumatology and shock research during World War II,

several investigators found evidence of severe depression of gastrointestinal

tonus and motility with hemorrhagic hypotension,”251 with return to normal

following infusion of shed blood. More recent studies have indicated that the

decrease in frequency of contractions is associated with a progressive decrease

in Electrical Control Activity (ECA, slow wave) frequency with eventual

disappearance of Electrical Response Activity (ERA, spiking activity) and in

some models, disappearance of ECA.8'12

Intestinal wall compliance has been shown to be an accurate objective

method of assessment of intestinal wall tone.”3 Sullins et al42 reported

observation of increased muscle tone and decreased intestinal diameter

following one hour ofjejunal strangulation obstruction in ponies. Our findings

of no significant change in intestinal wall compliance, either during ischemia

or reperfusion, and those of other investigators,8 do not support their

observation. With regard to amplitude and frequency of contractions and

bowel wall compliance, there were no major differences between Groups 111
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and IV during the reperfusion period, suggesting that DMSO administration

had no effect on these variables.

Our observation of substantial potassium release from ischemic bowel

upon reperfusion (Figure 5) support the finding of previous experimental

investigations.2‘“’253’254 Potassium loss from a number of tissues subjected to

ischemia or hypoxia is well documented?” however, the exact mechanisms are

uncertain. It is unlikely to be a result of intracellular buffering of hydrogen

ions associated with lowered tissue pH as exchange of cellular potassium is not

associated with production of organic acids?” Most theories on potassium loss

relate to decreased effectiveness of the sodium-potassium ATPase pump during

energy deprivation, changes in the transmembrane electrochemical gradient for

potassium or increased membrane permeability.” Cellular lysis leads to release

of large quantities of potassium into the extracellular fluid. Therefore, at both

a metabolic and structural level, cellular loss of potassium is a reflection of

tissue injury. The majority of potassium loss occurred immediately upon

reperfusion and was unaltered by administration of DMSO. The physiologic

implications of excessive potassium release from ischemically injured bowel

may include explanation, at least in part, of the decrease in vascular resistance

noted in Group III during reperfusion, potassium being a potent vasodilator

of the splanchnic bed.”3 As ponies that had received DMSO (Group IV) had

a similar release of potassium but not decreased vascular resistance however,

it is unlikely that extracellular potassium was a sole cause of the observed

vasodilation. A more important consideration is the possible contribution of

intestinal potassium to the fatal hyperkalemia reported following intestinal
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revascularization and in the terminal stages of splanchnic ischemic shock.253'254

At this time, it is unknown if hyperkalemia per se plays a critical role in the

terminal cardiovascular deterioration of such shock in the horse.

Our finding of a significant regression of potassium loss upon

preischemic oxygen consumption (Figure 8) demonstrates that the intestinal

tissues with the highest oxygen demand is most likely to incur the greatest

injury as a result of oxygen deprivation (ischemia or hypoxia) This finding

adds weight to a prevous report that some analgesics used in the medical

management of ischemic bowel disease, eg xylazine, may have deleterious

effects on bowel viability by causing a simultaneous increase in intestinal

oxygen consumption and vascular resistance (decreased blood flow at consant

pressure)258

This study has utilized a model of jejunal ischemia-reperfusion to

demonstrate the effects of one hour of ischemia and one hour of reperfusion

on intestinal vascular resistance, oxygen consumption, motility, compliance and

potassium loss. Further, the intravenous administration of dimethyl sulfoxide

immediately prior to reperfusion abolished the decline in vascular resistance

observed during reperfusion but otherwise had no effect on measured

variables, in particular oxygen consumption or potassium loss. Whilst it may

be argued that greater effect may have been seen if DMSO had been

administered prior to the onset of ischemia, such findings would be of limited

clinical value. Although the action of DMSO in modulating post-ischemic

vascular reactivity may warrant further investigation, its failure to maintain

tissue oxygen consumption or prevent tissue potassium loss suggests that
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DMSO was not effective in preventing injury in this model of equine jejunal

ischemia.



IV. THE EFFECTS OF ISCHEMIA - REPERFUSION AND DIMETHYL

SULFOXIDE ON EQUINE JEJUNUM: A MORPHOLOGIC AND

ULTRASTRUCTURAL EVALUATION.

A. MATERIALS AND METHODS

W:Theexperimental preparation and

design employed in studying the effects of ischemia and reperfusion in jejunal

segments from the eighteen ponies were described in the preceeding chapter.

Following instrumentation of the experimental segment, a 2x4 cm full

thickness section of tissue was removed from the antimesenteric border of a

neighboring segment of jejunum (pre-ischemia) Following ischemia and

reperfusion, a second 2x4 cm full thickness section (post-ischemia) was removed

from the antimesenteric border of the experimental segment. Each section

was divided equally between 10% formalin for light microscopy (LM) and

Karnovsky’s fixative for scanning (SEM) and transmission (TEM) electron

microscopy. At 12 hours the Karnovsky’s fixative was replaced with cacodylate

buffer. Specimens intended for LM underwent routine preparation and

staining with hematoxylin and eosin. Specimens for TEM underwent

preparation with Zetterquist’s osmium fixative prior to passage through

increasing concentrations of alcohol and propylene oxide. Specimens for SEM

underwent chemical dehydration utilizing passage through increasing

concentrations of acetone and hexamethyldisalizine.

W: Light microscopy was used to evaluate the full

thickness of each specimen. SEM examination concentrated on mucosal

surface morphology. Both LM and SEM were used to grade villus lesions

45
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from 0 (normal) to 5 (most severe) as described by Chin and associates21 (table

1) TEM examination centered on characteristics of the villus epithelium.

B. RESULTS

WANpro-ischemia sections exhibited normal

morphology. The majority of villi were from 800-1000 pm in length and 250-350

pm in width. Crypt diameters were 100-120 pm with a total mucosal depth of

1.2-1.6 mm (Figures 9A,B) Post-ischemia sections from Groups I and II were

similar and ranged from normal morphology to mild changes characterized by

mild submucosal edema, and petechial hemorrhage in the deeper layers of the

lamina propria. Some villi showed shortening and thickening with superficial

epithelial folding and vesicle formation of the villus tip. Most villi ranged in

Size from 500 to 650 pm in length and 300 to 400 pm in width. Crypt diameters

remained 100-120 pm and total mucosal depth was 1.2-1.6 mm. Mucosal lesions

were graded 0-15 (Figures 10,11A,B,C)

Post-ischemia sections from Group III revealed moderately severe

changes. There were patchy areas of subserosal bleb formation but the

muscularis layers appeared normal. There was extensive submucosal edema

which stained eosinophilic suggesting a moderate protein content. The mucosa

Showed widespread shortening and widening of villi with diffuse villus tip

epithelial folding, extensive subepithelial vesicle formation frequently

accompanied by separation and in some cases sloughing of the villus

epithelium, beginning at the villus tip and extending most of the way down

the villi in the severely affected ones. The shortening of villi appeared to be
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Table 1. Scoring system for grading mucosal morphology from LM and SEM

examination (From Chiu et a1”)

rad Description

0 Normal mucosal villi.

1 Development of subepithelial Gruenhagen’s

space, usually at the apex of the villus; often

with capillary congestion.

2 Extension of the subepithelia space with

moderate lifting of epithelial layer from the

lamina propria.

3 Massive epithelial lifting down the sides of the

villi. A few tips may be denuded.

4 Denuded villi with lamina propria and dilated

capillaries exposed. Increased cellularity of

lamina propria may be noted.

5 Digestion and disintegration of lamina propria;

hemorrhage and ulceration.



Light microscopic appearance of normal villi from control

sections taken prior to ischemia; H&E stain; x100 (A)

Figure 9A.
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Figure 9B. Scanning electron microscopic appearance of normal villi from

control sections taken prior to ischemia; x100 (B)



lifting toward the villus tip.

Light microscopic appearnace of "post-ischemia" villi from

control groups I and II; H&E stain, x100. Note mild epithelial

Figure 10.
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Figure 11A. Light microscopic appearance of mildest form of villus change

following ischemia in groups III and IV; H&E stain: x250 (A).

Arrows point to early subepithelial fluid accumulation at the

villus tip.
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Figure 11B.

 

Typical light microscopic appearance of post-ischemia villi

from groups III and IV, H&E stain, x100 (B). Note shortening

and thickening of villi and extensive denuding of villus

epithelium toward tip.



 
Figure 11C. Typical scanning electron microscopic appearance of mucosal

surface following ischemia in sections from groups III and IV;

x150 (C) Note variety of lesion degree among villi, some villi

showing tip folding while others (arrows) show extensive

epithelial loss.
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largely due to active villus contraction as well as epithelial loss from the villus

tip. In many cases the villus tip was telescoped down into the villus forming

a "collar" of epithelium around the tip (Figure 12A) SEM confirmed light

microscopic observations that early enterocyte separation and lifting occurred

from this epithelial "collar" as well as the villus tip (Figure 128) Most villi

ranged from 300-600 pm in length and 300-450 pm in width. Crypts remained

100-120 mm and total mucosal depth ranged from 06-15 mm. Mucosal lesions

were graded 1.5-2.5.

Post-ischemia sections for Group IV demonstrated lesions of similar

nature and severity to those in Group III. Villus, crypt and total mucosal

dimensions were as for Group III . Mucosal lesions were graded between 1.5

and 2.5 in five of six ponies. One pony demonstrated more advanced changes

with exposure of the entire villus lamina propria in some villi. Some of the

small submucosal vessel walls demonstrated a granular and eosinophilic

staining character suggestive of early fibrinoid necrosis. The lesions were

graded at 4.0. A summary of mucosal lesion scores for all ponies is presented

in Table 2.

IBM Evaluation: All Pro-ischemia sections exhibited normal structure

characterized by close enterocyte cell to cell adhesion and uniform adhesion

of enterocytes to the basement membrane. There were few intercellular spaces

evident. The microvillus brush border was full and uniform while intracellular

organelles (lysosomes, mitochondria, endoplasmic reticulum, golgi etc.) appeared

within normal limits (Figure 13)



 
Figure 12A. Light microscopic appearance; H&E stain, x100 (A) and

scanning electron microscopic appearance, x350 (B) of villi

undergoing tip retraction following ischemia, groups 111 and

IV. Arrows in both figures point to epithelial "collar" formed

during tip retraction.



Figure 12B.
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Light microscopic appearance; H&E stain, x100 (A) and

scanning electron microscopic appearance, x350 (B) of villi

undergoing tip retraction following ischemia, groups 111 and

IV. Arrows in both figures point to epithelial "collar" formed

during tip retraction.
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Table 2. Mucosal lesions scores ("pre"/“post" ischemic reperfusion)

Pony Group I Group II Group III Group IV

1 0/15 0/15 0/25 0/15

2 0/0 0/0 0/1.5 0/15

3 0/0 0/05 0/25 0/4.0

4 0/25 0/25

5 0/1.5 0/2.0

6 0/15 0/25

’Post’ Mean (X) 05 0.7 2.0 2.3

’Post’ Range 0-15 0.5-1.5 1.5-2.5 1.5-4.0
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Post-ischemia sections from the villus tip and sides in sections from

Groups I and II displayed mild changes characterized by mild diffuse

intracytoplasmic vacuolization. There did not appear to be swelling of

mitochondria nor disruption of other intracytoplasmic organelles. Cell to cell

adhesion and basement membrane integrity were maintained (Figure 14)

As the epithelium had largely sloughed from the villus tips in post-

ischemia sections from groups III and IV, TEM examination was centered on

the remaining epithelium of the villus sides (Figure 15A,B) Here, sheets of

enterocytes were lifting away from the lamina propria. The basement

membrane was frequently not identifiable. Enterocyte cell to cell adhesion

was considerably disrupted, with the largest intercellular spaces evident at the

cell bases. Cell to cell adhesion at the luminal surface was largely intact.

Apical tight junctions and desmosomal junctions remained intact. There was

some disruption of the microvillus brush border. In general, intracytoplasmic

cisternal vacuolization was only slightly more marked than in post-ischemia

sections from Groups I and II. Intracytoplasmic organelles maintained their

structure and integrity. In particular, mitochondria did not appear swollen or

disrupted and intramitochondrial cristae remained clearly visible.

C. DISCUSSION

This investigation demonstrates that in equine jejunum subjected to

ischemia by one hour of total vascular occlusion followed by one hour of

reperfusion, intact enterocytes are shed from villi in sheets following fluid

accumulation in basilar intercellular Spaces and between enterocytes and the
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Transmission electron micrograph demonstrating healthy

enterocytes in mucosal sections taken prior to ischemia; uranyl

acetate-lead citrate; x1900. Lower arrows point to intact

basement membrane, while upper horizontal arrows point to

close cell to cell adhesion between enterocytes.

Figure 13.
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Figure 14. Transmission electron micrograph demonstrating mild

enterocyte injury in "post-ischemia" sections from control groups

I and II; uranyl acetate-lead citrate, x2000. Note damaged

microvilli (top arrow) and diffuse intracytoplasmic

vacuolization caused by dilation of cell cisternae (lower arrow)



Figure 15A.
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Transmission electron micrographs of epithelium lifting from

villus sides in post-ischemia sections from groups III and IV;

uranyl acetate-lead citrate, x1900 (A,B) Lower small arrows

in 7A point to intercellular fliud accumulation while apical

cell to cell adhesion is maintained (large top arrows) Arrows

in 7B Show loss of attachment of enterocytes to basement

membrane.
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Figure 15B. Transmission electron micrographs of epithelium lifting from

villus sides in post-ischemia sections from groups III and IV;

uranyl acetate-lead citrate, x1900 (A,B). Lower small arrows

in 7A point to intercellular fliud accumulation while apical

cell to cell adhesion is maintained (large top arrows) Arrows

in 73 show loss of attachment of enterocytes to basement

membrane.
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lamina propria. There is progressive detachment from the basement

membrane. This finding is in agreement with those of numerous previous

investigationszm‘“ Further, TEM examination of enterocytes separating

from damaged villi do not identify major injury to intracytoplasmic organelles.

Inparticular, mitochondria and lysosomes appear normal. Intracellular damage

is predominantly limited to cisternal vacuolization suggestive of fluid

accumulation. We have also identified a mechanical effect characterized by

villus contraction and formation of an epithelial "collar" at the villus tip,

exacerbating epithelial lifting. The systemic administration of dimethyl

sulfoxide, a hydroxyl radical scavenging agent, immediately upon reperfusion,

does not preserve mucosal morphology nor alter enterocyte ultrastructure.

Ischemic injury to the intestine causes lesions which progress

centrifugally from the mucosal epithelium toward the serosa.19 The exact

mechanism, by which enterocytes are Shed from ischemic villi, has been the

subject of considerable investigation. Traditionally, it was held that enterocyte

lactate accumulation and the resultant drop in intracytoplasmic pH produced

disruption of lysosomes and liberation of acid hydrolases, which subsequently

disrupted plasma membrane integrity.”168 Black-Schaffer et als8 suggested

that ischemic depression of enterocyte membrane function was sufficient to

allow overhydration of enterocytes leading to osmotic explosion with

fragmentation and loss into the lumen. Bounous28 has advanced the theory

that the principal insult is loss of brush border glycoproteins allowing access

of pancreatic endopeptidases (eg trypsin) to the epithelium and underlying

structures. None of these theories are consistent with the histologic findings
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of Chiu”, Brown”, and Wagner26 that ischemic villus injury is characterized

by lifting of sheets of intact enterocytes away from the basement membrane

and lamina propria, a process which progresses from the villus tip to the base.

These groups propose that the basic lesion is the interpostion of accumulated

fluid between the enterocyte and the basement membrane and lamina propria.

This fluid accumulation at the villus tip had for some time been recognized

by microscopists as Gruenhagen’s space.21 Brown et al22 extended this proposal

to suggest that the fluid wedge not only acts to mechanically separate the

epithelium from the lamina propria, but adds insult to the injury of

hypoperfusion by decreasing the diffusion of oxygen and nutrients from

capillaries to the enterocytes. Our findings support those of the above authors,

in that the predominant feature of epithelial injury was the breakdown of cell

to cell adhesion in the basilar portion of the enterocytes and separation of

enterocytes from the underlying basement membrane and lamina propria

(Figures 11A;15A,B) This separation appeared to be associated with fluid

accumulation in these regions. Intracytoplasmic changes included cisternal

vacuolization and, in some sections, rarefaction of the apical terminal web and

thinning and distortion of microvilli. Lysosomes and mitochondria did not

appear different from those in normal pre-ischemia sections. Major organellar

structural changes and enterocyte lysis are therefore not a prerequisite for the

denuding of villus surfaces in ischemic injury.

A further mechanism which appeared to exacerbate villus injury in this

model of ischemia was a mechanical effect initiated by marked villus

contraction. On both LM and SEM examination of ischemic sections (Gps III
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and IV), villi were seen to have their tip telescoped inward, forming a ”collar'

of epithelium around the villus tip (Figures 12A,B) This change was not

recognized in pre ischemic sections and occasionally recognized in post sections

from control groups I and II. Frequently, sheets of enterocytes were seen to

lift from this "collar" along with, and occasionally prior to, lifting from the tip

itself. In LM sections, exacerbation of the subepithelial space was seen in

association with contraction of the villus core. Although the mechanism for

this ischemia induced contraction is not clear, it is established that the villus

core is well supplied with smooth muscle fibers oriented parallel to the long

axis of the villus and basally associated with the muscularis mucosae.“'258 In

normal bowel, villi are known to undergo both swaying and contractile

movements, influenced by the action of the local hormone villikinin.“ Fibers

of the muscularis mucosae are known to contract in response to both

adrenergic and parasympathomimetic stimulation.“ Sullins et a142 noted villus

contraction in a model of equine jejunal ischemia, but did not attribute to it

any pathologic significance. As the physiologic study demonstrated significant

contraction of the mucosal musculature in response to ischemia and

reperfusion, it is not unreasonable to assume that ischemia, via neural or local

humoral mechanisms, initiates contraction of individual villi, exacerbating

epithelial lifting toward the villus tip, where fluid accumulation has began to

separate enterocytes from their basal attachments.

As enterocytes broke away, they were frequently bound together in

sheets by maintenance of tight junctions and desmosomal attachments at their

apical extremities (Figure 15A) This suggests that the fluid accumulating in
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the basilar and subepithelial regions did not arise by intercellular migration

from the luminal surface. Both Brown22 and Wagner26 have suggested that the

fluid arises from expulsion of cytOplasmic blebs of unwanted water from the

2‘ contends that this is aenterocytes at their basilar positions. Wagner

preservative mechanism that cells employ in energy deficient states where the

rapid fall in cellular ATP disables the sodium-potassium pump. An alternate

mechanism may involve failure to remove fluids normally transported inward

by the enterocyte due to lymphatic obstruction and capillary stasis.21 A third

proposal is that much of this fluid may arise from injured villus capillaries.

This was originally suggested to reflect increased capillary permeability caused

by endothelial anoxiazmfi’m but more recently has been ascribed to the action

of oxygen derived free radicals on intestinal capillary endothelia and basement

membraneS2954”'3""87"1°2'105 Indeed, the free radical mechanism of membrane

damage may be extended to the enterocyte plasma membrane and basement

membrane themselves, and thus may play a role in epithelial lifting and fluid

accumulation, whether it be of enterocyte or capillary origin. Our results do

not clarify the origin of the accumulated fluid; however, villus perivascular

edema did not appear to be a prominent feature of the injury.

The failure of DMSO to limit epithelial lifting and preserve mucosal

structure in this investigation (Figures 3B,C) is in disagreement with the

findings of Ravid et al85 and Demetriou et al” but in agreement with those

of Dunn et al83 and Itoh et a1.“ Further, Parks and Granger”, Parks et al86

and Perry et al“8 have previously demonstrated the ability of DMSO to limit

post-ischemic intestinal vascular permeability. In explaining these differences,
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several factors must be considered. First, it is clear that the model of injury

may effect outcome. Parks, Granger and Perryw have used a hypoperfusion

model rather than complete occlusion. Despite the findings of Ravid et a1“

and Demetriou et a1", who found positive protection even in complete

ischemia models, Parks“ and McCord” have recently suggested that ODFR

play a less important role following complete intestinal ischemia (total

occlusion), than with hypoperfusion. This is in marked contrast to the

myocardium, where ODFR scavengers appear to have equal benefit in both

1106 hastotal and partial vascular occlusion models.90 Recently, Carati et a

demonstrated the ineffectiveness of DMSO in limiting post—ischemic intestinal

microvascular permeability following total occlusion ischemia. Similarly,

duration of ischemia may play a role. Linas, Wittenburg and Repine261 have

demonstrated that DMSO is effective in limiting reperfusion injury of the

kidney following 20 and 30 minutes but not 45 minutes of ischemia. The effect

of species differences also cannot be discounted. The work of Parks, Granger

and Perry‘n’fi‘s’m3 was conducted in cats while the other investigations were

performed in ratss3'84’85'87 The occurrence, distribution and conversion of the

enzymes required for ischemic generation of ODFR still awaits documentation

in a large number of species. Although the ineffectiveness of DMSO in this

model of jejunal ischemia-reperfusion injury may bear relevance to the clinical

situation where total vascular occlusion causes regional ischemia, alternative

models utilizing continuous low flow states may be a more appropriate method

of evaluation of radical scavengers for the clinical situation of incomplete

regional vascular occlusion or generalized splanchnic hypoperfusion.
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In addition to the injury model, the timing of therapeutic intervention

may also effect results. In the studies led by Parks“, Perry”, Dunn”, Itoh“,

and Caratim‘, DMSO treatment was administered prior to and/or during the

ischemic episode. In our study and those of Ravid et a1”, Demetriou et a1”

and Linas et al’“, therapy was administered only upon reperfusion. For the

clinical situation where regional vascular obstruction is suddenly removed (eg

by intrasurgical manipulation) modelled here as total occlusion followed by

reperfusion, we feel that only treatments effective when initiated at

reperfusion are truly relevant. For the setting of incomplete regional

occlusion or generalized hypoperfusion, experimental evaluation of therapies

instituted during a low flow state bear clinical relevance. DMSO was not

effective in this model of complete occlusion followed by reperfusion,

suggesting that its use to limit injury to jejunum suffering complete regional

vascular occlusion is not clinically warrented. It is suggested that further

investigation of the use of free radical scavengers in equine intestinal

ischemia be directed toward their use in limiting injury associated with low

flow states.



V. SUMMARY AND CONCLUSIONS

Acute abdominal pain in the horse is frequently associated with

intestinal ischemia. When a specific region of the bowel is affected (i.e.

regional ischemia), the mechanisms most commonly involved are vascular

compression (i.e. strangulating obstruction) or primary vascular insufficiency

(non-strangulating infarction). In several species, it has been suggested that

other areas of the bowel may also suffer injury due to hypoperfusion

associated with circulatory shock states (i.e. generalized ischemia). Intestinal

ischemia has been associated with disruption of mucosal barrier function,

liberation of humeral mediators of circulatory shock, and increased mortality.

In the past 7 years, evidence has accumulated that suggests ischemic

tissue damage may be largely prevented by systemic administration of agents

which prevent the formation of, or scavenge, oxygen derived free radicals

(ODFR) formed during post-ischemic reperfusion. Dimethyl sulfoxide (DMSO),

a hydroxyl radical scavenging solvent, is one such agent. It has for some time

been used as an anti-inflammatory agent, both t0pically and systemically, in

the horse.

In this investigation, we established a model of equine jejunal ischemia-

reperfusion injury, which allowed determination of indices of vascular

reactivity (intestinal vascular resistance; R), oxidative tissue metabolism

(intestinal oxygen consumption; V0,), whole organ function (motility), cellular

integrity (potassium leakage; AAV [K+]) and documentation of morphologic

changes i.e. light (LM), scanning (SEM) and transmission (TEM) electron

7O
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microscopy. The model we employed was a constant flow, vascularly isolated,

neurally intact jejunal preparation in heparinized, anesthetized ponies.

Following a 30 minute baseline recording phase, ischemia was induced by

complete vascular occlusion for 1 hour followed by flow reintroduction for 1

hour. It is thus felt that the preparation most closely models complete

regional ischemia rather than regional or generalized hypoperfusion. In ponies

receiving treatment, DMSO was delivered as an intrajugular bolus, diluted in

saline immediately prior to intestinal reperfusion.

In the physiologic study, it was found that ischemia caused 1) an increase

in R immediately upon reperfusion. Within 15 minutes R had decreased to a

level below pre-ischemic values and remained at this level until the end of the

study. 2) V0, was decreased during the entire reperfusion period. 3)

Amplitude of rhythmic contractions increased immediately upon reperfusion.

4) Frequency of rhythmic contractions decreased during ischemia, and 5) AAV

[K+] increased immediately upon reperfusion. DMSO administration prevented

the decrease in R during reperfusion; however, it did not alter the trend in any

other variable.

In the pathology study, it was found that combined ischemia and

reperfusion of 2 hours duration produced moderately severe mucosal injury to

the equine jejunum, characterized principally by the disruption of enterocyte

attachment from the basement membrane and lamina propria. The process

was most marked at villus tip and progressed down the villus sides. Enterocyte

intracytoplasmic organelle changes were not a prominent feature of the injury.

These findings support the importance of mechanisms leading to early
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subepithelial fluid accumulation rather than direct severe enterocyte injury.

Further, a pathomechanical effect caused by vigorous villus contraction

appeared to exacerbate epithelial lifting at the villus tip. DMSO

administration failed to improve the appearance of the mucosa.

Although the action of DMSO in modulating post-ischemic vascular

reactivity may warrant further investigation, the failure of DMSO therapy to

improve postischemic tissue oxygen consumption, limit tissue potassium loss

upon reperfusion or improve the morphologic appearance of the damaged

mucosa suggests it was ineffective in preventing this form of

ischemia-reperfusion injury. These findings are consistent with emerging

evidence that oxygen derived free radicals may play a limited role where

intestinal ischemia is of long duration or caused by complete cessation of blood

flow. This study suggests that the clinical use of DMSO to limit injury to

equine jejunum suffering complete regional vascular occlusion is not

warranted. Further, it is recommended that investigation of free radical

scavenger use in equine intestinal ischemia be directed toward their use in

limiting injury associated with low flow states.
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