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CHAPTER I

INTRODUCTION

All the serotypes of bacteria classified as CLostridium penfTingens

(ueLehií) are potential causes of eriterotoxaemia in sheep but Type D is of

greatest economic importance, despite reductions in losses as a result of

vaccinaÈion, and is catholic in its distribution. The disease classically

affects rapidly growíng lambs in excellent condition, although adult sheep may

become afflicted. The aetiological agent is nornally resident in the intestiae

of most healthy sheep and only assumes pathogenic properties when cerËain

conditions prevail in the intestinal nilieu which favour the rapid proliferation

of these organisms with the production of toxin. The effects of the Èoxin are

systemic with involvement of the alirnenÈary tract, brain, lungs, heart and

kidneys but clinical signs mainly reflect pathological changes in the central

nervous system. Two forms of the disease are recognise<l, an acute intoxication

with rrultisystem pathology and a chronic condition characterised by a focal

symmetrical encephalonalaci a.

The genesis of the acute lesíons appears to be associated with toxin damage

to the vascular endothelium but the precise sequence of events from the apparent,

initial díffuse cerebral oedema to the development of malacic foci in the brain

is poorly understood, both in terms of the ultrastructural alÈerations which

lead to necrosis and the apparent selective vulnerability of certain regions in

the brain to the action of this toxin at the anatomical level.

Advances in electron microscopy, particularly with respect to the

developmenË of electron opaque vascular tracer substances such as horseradish

peroxidase and ferritin, afford the opportuniÈy to explore the early cerebral

vessel-relaÈed changes atËendant upon thei-r exposure to this toxin in an aÈtenpt

to find a cogenÈ explanation for the development of lesions recognised grossly

as a focal symmetrical encephalomalacia.
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Furthermore, the brain cannot be examined in toËal isolation as changes in

other organs, especially the cardiorespíratory system, influence the final

expression of the central nervous system lesi-ons and are Èherefore pertinenË t.o

a consideration of toxin-induced cerebral pathology.

The employment of rnodels for this ovine dísease is both useful and

expedient, especially since widespread vacclnation against Èhis condition and

the high percentage of non-vaccinated animals \Àtith significant antítoxin tltres,

mitigates against achieving any consistent response to the toxln ín the

experimental siÈuation, unless colostrum-deprived lambs are used.

A study of the brain leslons produced by CLoetridium perfr¿ngens Type D

is also relevant to the larger themes of cerebral oedema, selective

vulnerability and the operation of t.he so-called "blood-brain barrier". Most

Èypes of cerebral oedema produced experimentally ln ani-mals, or encountered

clinically in nan, are incited by focal lesions or insults and Type D

intoxicaÈi-on may prove to be a useful model for oedema which appears Eo be

initially dlffuse, or at least very rapídly becones so.
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CHAPTER II

HISTORICAL RXVIEI,{

The epsilon toxÍn or. CLostr,ídium penfríngens (ueLehii) Type D is

associated with Ëwo diseases of sheep - an acuÈe enterotoxaemia and a focal

symmetrical encephalomalacia (FSE). The former condition represents an acute

or peracute intoxicatÍon while FSE is almost certainly the result of a more

protracted clinícal course and may be regarded as the chronic neurologícal

manifestaEion of enterotoxaemia which develops when the disease is not

immediately fatal. Pienaar and Thornton (1964) considered that, under field

conditions, FSE nay be assocated with very low antiEoxin Ievels, insuffici-ent

t.o protect the animal completely but adequate enough to prevent the acute deaths

nornally seen in enteroËoxaemia. Clinlcal signs in boÈh conditions are nainly

referable to the central nervous system. In general, in animals suffering fron

FSE, lesions are confined to the brain (Blood et aL, L979) although some cases

occur showing lesions of acute eriteroÈoxaemia with concurrent central nervous

pathology (Hartley, 1956; Gay et d.L., L975).

All ages of sheep are susceptible to the action of epsilon toxin. The

disease is rare in lambs under 7 days old and the predisposition is great.est

between the ages of 3 weeks and 18 months (Bullen, 1970). The najority of

enteroÈoxaemia cases occur between 3 and l0 weeks (Blood et aL, 1979>. In

lambs, the duratlon of the illness is very shorÈ, often lastlng less than 2

hours and never longer than 12 hours, and many animals are found dead rvithout

premonitory signs. Adult sheep usually survive for longer periods, up Èo 24

hours (nlood et aL, L979). FSE usually affects an older age of sheep. Gay

et aL (L975) investígated 14 outbreaks of FSE and found that in 5 outbreaks

the najority of animals T¡rere beÈween 10 and 12 nonths of age and the remaining 9

outbreaks occurred in mature sheep 3 years or older. In FSE the clinlcal

course is usually from several days to a Inteek.
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The morbidity rate of acute enterotoxaemia seldom exceeds 10% but the

nortality rate approaches 1007"; siurilarly in FSE the morbidity rate is 1ow

(but nay attain L5i¿), however the case fatality rate is high (Blood et aL,

re79).

In acute enterotoxaemi-a lisÈlessness and depression are usually observed

with violent clonic convulsions heraldtng sudden death. Animals surviving

for a few hours present with a greenish diarrhoea, incoordination, recumbency,

ophistotonos, convulsions, coma and death (Bullen, 1970).

Gi1l (1927) descríbed 3 clinical types of enterotoxaemia: 1) a peracute

form wiÈh convulsions and rapid death, 2) an acute form with convulsions and a

ophistotonos whlch followed a sllghtly more protracted course, and 3) a subacute

form characterized by lethargy, depression and blíndness. However, slnce toxin

\.Ias not demonstrable in the intestinal contenËs of the laEter 2 forms, Gill

considered that a diagnosis of enterotoxaemia was only approprlate in the

peracute syndrome. The subacuËe form may have corresponded to FSE but no

pathological examination of the brain was performed. Bennetts (I932) reported

tr4lo types of enterotoxaemia: an acute "convulsive" form and a subacute

"comatose" form. The first type was characteri-zed by convulsions, lateral

recumbency with a galloping moËi-on of the lirnbs, nystagmus, excessive

salivation, grinding of the teeth and marked retracÈion of the head. The

subacute form consisted of a "dummy" syndrome with gaiÈ abnornalities,

recumbency, hyperaesÈhesia, blindness and a quíet death following coma. These

two syndromes descríbed by Bennetts are similar to those subsequently designated

acute enterotoxaemia and FSE, respectively.

At. autopsy, lambs with acute enteroËoxaemia demonstrate an excessive volume

of perícardial fluid rich in fibrln, pulrnonary congestion and oedema, and

haernorrhage beneath the endocardiun of the left ventricle. Haemorrhages are

also comnonly found beneath the parietal peritoneum and in the epicardium. The

kidneys are very soft and congesÈed, and the mucosa of the small intestine is
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hyperaemic and Èhe contents creamy (with rapid death) or fluid and greenish in

colour if survival is more prolonged (¡uUU and Kennedy, 1970).

In order for enterotoxaemia t.o develop, Èhe following requirernents mus¡ be

met: (l) organi-sms must gain access to the intestine. This is readily achíeved

since CLoetnidium penf'ningens Type D usually establishes itself as parÈ of rhe

normal Íntestinal flora at an early age; (Z> in the intestine, these bacteria

must be able to nultiply and establish thenselves in large numbers; (3) they

must be able Èo produce toxin from the substrate present in che intestinal

conËents; and (4) ttre Èoxin must be absorbed frorn the gut into the bloodstream.

Bullen et aL (1953) examined the fate of cultures of Type D introduced

into Èhe rumen of normal sheep via fistulae. Cultures were rapidly destroyed in

the rumen and there l{as some evi-dence that the organisms were also killed in

their passage between the rumen and the duodenum. Some bacteria reached the

small íntestine where they multiplied rapidly for a short period, then declined

dranatically. During this phase of multiplication, hohrever, considerable

quantiÈies of epsilon toxin were produced, albeit for a short period, indicating

that the intestinal contents of normal sheep provide a suitable subst.rate both

for the ruultiplication of CLoet'nidiutn penfníngens Type D and for Èhe

productíon of epsílon toxin.

The resistance of normal sheep Ëo large oral doses of. CLostridíun

perfningens Type D was attribured by Buller- et aL (1953), in parr, to rapid

destruction of organisms in the rumen and t.he prevention of toxin accumulation

in the duodenum by peristalsis. Other conditions ríere obviously required. for

the development of acute enÈerotoxaemia and experiments by Bullen and

Scarisbrick (f957) elucidated some of these factors. They found that normal

sheep developed acuËe enterotoxaemia when cultures \^rere introduced into the

intesti-ne afÈer the anlmals had consumed large amounts of grain or lush, rapidly

growing pasture. In the absence of this excessive intake sheep remalned

clinically normal. This finding is in accord with clinical experience in Èhe
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field where suscepÈible animals are almost fnvariably Èhose on a high plane of

nuÈrltlon and i-n excellent body condiEion. It appeared ÈhaÈ the presence of

undigested or partially digested food in the intestine encouraged the rapid

proliferaÈion of CLost'pidium penfringens Type D. This prerequísite for the

developmenÈ of Ëhe acute disease was confirmed by Bullen (L97L) who producecl

typical enterotoxaemia 1n normal sheep by infusing cultures of Type D into the

intestine with added dexÈrin. In all cases of successful experÍmental

reproduction of the disease, high concenÈrations of epsilon toxin needed t.o be

maintained in the duodenun for several hours; low concenÈrations of toxin in the

intestine, even for long periods, $rere harmless. Conversely, high

concentrations of Èoxin were ineffective if present for only very short periods.

Sheep rtrith high epsilon antítoxin levels were refractory, even when Èhe duodenum

contained high concentrations of epsilon toxin for extended periods of time.

Gardner (1973) also produced acute entertoxaemia in lambs in a similar manner.

Thus it appears that a dietary change comblned wiÈh excessive intake of an

appropriate diet allows large quantities of partially digested, readily

fermentable material to pass into the intestlne, presunably as a result of the

inability of the rumen microflora to adapt rapidly enough to the large amounts

of unfamiliar subsÈrate presented to it. Thls conclusion ls supporÈed by the

good experimental correlatlon betvreen the presence of undigested sÈarch in the

duodenum and Èhe successful reproduction of acute enterot.oxaemia. The toxin

rapidly increases Ehe permeability of the i-ntestine, facilitating its own

absorption, and large quantities of toxin are presenËed Èo the circulation.

Death from acute epsilon intoxicat.ion may then ensue in a few hours.

FSE was first reported by Hartley ( 1956) in New Zea1.a¡ð. as a neurological

disorder of young lambs characterízed by bilaterally synrnetrical malacic lesions

in the internal capsule adjacent to the basal ganglía, laÈeral to the Íter

beneaËh the posËerior corpora quadrigemina, in the rnid-thalamic region and in

the cerebellar peduncles. The macroscopic appearance of the lesions depended
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upon the duration of the clinical course and the blood content. Malacic foci in

animals affected up to 6 days were focal haemorrhagic or gelatinous soft,enings

\{ith older lesíons a yellowish-grey colour.

Many of these lambs were derived from flocks where enteroÈoxaemia had been

diagnosed or suspeeted. Ilartley (1956) examined 36 larnbs at necropsy and

divided them inEo 4 groups based on the duration of neurological signs. These

animals showed a varieÈy of neurological signs lncluding mental dullness and

dejection, incoordination, blindness, head pressing, aimless wandering,

ophistotonos, paddling movements of the limbs when prostraÈe, circling and

ataxia. The 4 lambs in Group I were found dead and were the only animals to

show the characteristic lesions of acute enÈerotoxaemia. Three of these lambs

had macroscopic lesions of FSE and Type D Ëoxin was denonsErated in the

íntestinal conËents of one lanb. Lesions in the 24 lanbs conprising Group 2

(affected 1-6 days) and the 8 of Group 3 (affected 7 Èo t4 days) were confined

to the braín and seen in all but 5 anirnals. Toxin was sought in the inÈesÈinal

contents of 9 larnbs in Group 2, with 3 recording positive results. The single

lanb in Group 4 (affected over 2 weeks) showed no significant pathological

changes i-n the brain or oEher organs. lvlicroscopically, the cerebral lesions

consisted of large, focal non-inflammatory areas of necrosis wíth vascular

dilation and capillary haemorrhage. At 48 hours, moderate numbers of neutrophíl

polyrnorphs had invaded the lesions and rrere present for 2-3 days. At the

periphery of these focí, retraction bulbs of swollen degenerating axons r^rere

found. From the third day, compound granular corpuscles (gitÈer cells) were

seen nígrating into Èhe lesion l^rith proliferating capillaries and by Èhe tenth

day the necroÈ1c focus was conpletely filled with gitter cells. AË this tine

macrophages in these focl often contained haemosiderin. Erythrocytes had

dlsappeared from the lesions by about the sixth day.
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Innes and Saunders (1962) reported Èhat this condÍËion had also been

described by Jubb (1957) in Canada; by Barlow (1958), and RoberÈson and I'Iilson

(1958) ín England; and by Harlow (1956) in Montana, U.S.A.

Jubb and Kennedy (1970) described two patterns of lesions 1n the brain,

both bilaterally symmetrical, which they considered to be a more chronic form of

enterotoxaernia. The most frequenÈ pattern of lesions r¡ras of haemorrhage and

sofÈening in the basal ganglia, inÈernal capsule, dorsolateral thalamus and

substanÈia nigra. The second pattern was of lysls and liquefaction of the

fronÈal Byri, sparing only the associ-ation fíbres.

Plenaar and Thornton (1964) reported four outbreaks of FSE in 6 to l0

month old lambs in SouÈh Africa. In all cases lesions T/iere present in the

region of the internal capsule lateral to Èhe basal ganglia, less frequently

in the cerebellar peduncles and thalamus and, in one case, in the whlte matter

of the frontal gyti. These yellowish-grey gelatinous foci were bilaterally

symnetrical in distribution and some lesions showed cavitaÈion. Lesions

contained numerous gitter cells and, in the adjacent parench¡rma, capillary

proliferation, vacuolation, depletion of nyelin and swollen degeneratíng axis

cylinders were evident. Malacíc lesions T/üere restricted to the white matter.

Gay et aL. (1975) described two broad clinlcal syndromes based upon

observations in 14 outbreaks of FSE. Lesions were conflned to the brain with

an occaslonal sheep, succumbing after a brlef clinical course, showing pulmonary

congestion and oedema and early renal autolysis. In the acute syndrome, death

occurred within 4 to 24 hours of the observed onset of clinical signs and

affected sheep showed Í-ncoordination and muscle spasms and, when i-n lateral

recunbeney, convulsions and ophisthotonos. In Èhe more chronic form, sheep

survived up to 7 days and dÍsplayed a "dummy" syndrome r¿ith weakness during

movemenÈ, aimless wandering and gradual collapse to sternal recumbency.

Griner (1961) produced an acute and subacuÈe form of Type D intoxication in

lanbs by slow intravenous infuslon of CLostridíum pefTíngens Type D epsilon



9.

t.oxi-n. Of fifÈy experimental lambs studied 42 wexe classj-fied as acuËely, and B

subacutely, intoxicated. The lambs \^Iere conventionally reared wlth low antibody

ti¡res to epsilon toxin. In the acute form, the Èime of onseÈ of clinical sígns

of intoxication following Ëoxin administration varied from zero to 4 hours,

depending upon the dose received, and deaÈh occurred between 30 minutes and 4

hours after signs were first observed. In the more protracted form, lambs

exhibiÈed signs of intoxication for up to 1l hours. In the acutely intoxicated

group, no gross lesions were found, but multiple malaci-c foci etere present in 3

lambs classified as subacute. These bilaterally syrnmetrical lesions were seen

in the internal capsule, corpus striatum, puËamen, thalamus, subcortical vrhite

matter, substantia nigra, hippocampus and cerebellar peduncles.

Microscopically, the brain from acutely intoxicated lambs showed pronounced

perivascular and intercellular oedema, the latÈer imparting a spongy appearance

to the neuropil and was more severe in the white natter tracÈs of the basal

ganglia, thalamus and cerebellar peduncles. Perivascular spaces frequently

contained plasma proÈein. Sorne arÈeriolar walls appeared hyalinized. The areas

of apparent predilection showed focal degeneratlon and necrosis. Lesions in the

subacutely affected lambs were sinilar in nature but r^rere more severe wíth

malacic foci tn white and grey matter, especially in the white matter tracÈs of

the corpus striatum, internal capsule and Ehalamus. An occasional neutrophil

r^ras present in necrotic foci but, in general, inflamnatory cells were absent.

Griner (1961) also produced brain lesions in mice by the administration of

epsilon toxin. Although the extent and severfty of the lesions was not always

of the sane degree on both sides of the braín, the anatomical distribution of

lesions rÂras reasonably conslstent. Malacic lesions commonly were found in the

basal ganglia, thalamus, corpus eallosum, medial and lateral geniculate bodies'

reticular subsËance, brachiun ponÈis, vesÈibular nuclei- and tracts and granular

layer of the cerebellum. Less frequently, leslons were present in the
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substantia nigra, red nucleus, medial lemniscus, roof nuclei of the fourth

ventricle, corpus medullare cerebellÍ, and genu of the 7th cranlal nerve and

cerebral cortex. Neurological signs of intoxication included hyperaesthesia,

chorea, ophÍstotonos, torticollis, incoordinatlon, ci-rcling, convulsions and

rolling. Microscopically, at 7 hours the neuropil appeared vacuolated in

focal areas, perivascular spaces were widened buÈ contained little plasma

protein and a few groups of ganglion cells occasionally showed níld degenerative

changes. At 18-24 hours, mrltiple malacic lesions r^rere apparent in the cerebral

cortex, basal gangli-a, corpus ca11osum, cerebellar peduncles and white matter of

the cerebellar folta but had noÈ progressed to liquefacÈion necrosis. By 30 to

36 hours rnany lesions had liquefied, especially in the basal ganglia and

thalamus. ExÈravasated erythrocytes $rere encountered frequently in these

necrotic foci but neutrophlls ¡^rere absenÈ. The granular layer of the cerebellum

contained foci of necrotic cel1s. From the Èhird day onward, astrocytic

proliferation commenced in these areas of malacia and capíllaries r¡rere invading

from the perlphery. Gitter cells, however, rrere noÈ present at any stage. It

was concluded thaÈ the pathogenesis of Èhe brain lesions in intoxicated mice

\^ras an initial increase in vascular permeability followed by oedema, softening,

lÍ-quefaction necrosis and resolution by glial scarring. The changes in neurones

and glia r^rere secondary to oedematization of the whiÈe matter.

Griner and Carlson (196I) using radlolodinated human serum albumin,

demonstrated a dranatic increase (average 6I fold) in the dístribution of the

isotope in the brains of lambs intoxícated with epsilon toxin, indicatíng a

marked increase in vascular permeability. The íncrease in brain weight compared

to conËrols varied from 4.7 to 17.67.. lüorthington et aL. (1975) found that

epsilon toxin had the effect of allowing the passage of 125t-polyvinyl

pyrrolidine and 1251-¡,t*rn serum albumin into the mouse brain. These

substances did not enter the brain of normal rnice. Alburnin passed very rapldly
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into the brain and, with large doses of Ëoxin, death ensued it 2-3 minuËes by

which time 1.5% of injected albumin had already entered the brain.

!üorthington et aL. (1973) had previously demonstrated that nice could be

protected from the effects of epsilon toxin by the prior administration of

relatively non-toxic formallnized prototoxin (FSP), the precursor of epsilon

t.oxin. Subsequently Buxton (1976) provided some evidence for the existence of

specific receptor sltes for epsilon toxin on vascular endothelium. Using

tiorseradish peroxidase (HRP) as a measure of vascular integrity, 1t was found

that adninistration of epsilon toxin alone caused heavy diffuse deposits of

reactíon product throughout the brain, and it was concluded EhaE most blood

vessels hrere susceptíble to the act,ion of this toxin. By conËrast, animals

whlch had received FSP prior to the administration of toxin sho¡^red no

extravasaÈion of HRP. Since FSP is antigenically sinilar to epsilon toxin,

it was hypothesized that FSP was bound to receptor sites, thus compeÈitively

blocking the action of epsilon toxin on the vascular endothelium, albeíÈ for a

short period. Buxton (I976) therefore considered that a tenable hypothesis for

the genesis of the early changes in the brain in enteroËoxaemia could be due to

binding of epsilon Èoxi-n to receptor sites on Èhe vascular endothelium causing

deleterious changes in these cells which resulted ln the openlng of Ëfght

junctions and an egress of fluid. Astrocytic end-feet would swell progressively

and eventually rupture into the extracellular space resulting in cerebral

oedema.

Proposed receptor sites for this toxin were further investigated by Buxton

( 1978) who gave an inÈravenous dose of FSP and employed an indlrect

immunoperoxidase Ëechnique to demonstrate the presence of Ehis antigen in

various tissues. Reaction product was absent fro¡n conÈro1 preparations but

deposiÈs were found in mice exposed to toxin on the luminal surface of vascular

endothelium i-n many vessels in Èhe thalamus, cerebral cortex, cerebellar white

matter, cerebellar peduncles, pons and cerebral and cerebellar meninges. Buxton
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did not mention whether these deposits $rere restricted to vessels in areas of

apparent selective vulnerability to epsilon toxin, but inplied that deposits

were widespread tn the brain. Ultrastructural observations in the kidney showed

that reacËion producÈ \,üas closely associated with the lumi-nal surface of

epithelial cells in the loop of Henle and distal convoluted tubules while only

smal1 amounts \itere present on capillary luminal surfaces. No reaction product

was found in glomeruli, proximal convoluted Eubules or collect.ing ducts. In the

liver, reaction product was located on the luminal aspect of sinusoids, many

centrilobular veins, a fe\,ü large vessels, and several bile ducts. Some of the

larger veíns in the lung showed sparse deposits of reaction product an,il small

deposits were found associated with capíllary luminal surfaces in the

myoeardium. No reactíon product was detected in small or large intesÈine or

skeletal muscle. Buxton (1978) postulated that these bÍnding sites represenËed

the receptors for epsilon Èoxin as Buxton (1976) had shown that FSP and epsilon

toxin could compete for the same receptor sites.

Bacterial enterotoxin has been shown to stimulate adenyl cyclase to produce

increased amounÈs of cyclic 3t r5t-monophosphate (cAMP), the latter causing

enhanced fluid production by the intestine (Buxton, 1978). In view of these

ftndÍngs, Buxton (1978) investlgated whether epsilon toxin could act by a

similar mechanlsrn. The toxín was found to elevat,e the plasma concentration of

cAMP in mice. It has also been suggested that there is a cAMP-rnediaÈed

mechanisrn Ín the skin for pronoting increased vascular permeabílíty which is noÈ

dependent upon mast cell histamine (Buxton, 1978). Buxton (1978) showed that

epsilon toxin was apparently able to use Èhís nechanism after intradermal

injection into guinea-pig skin (ln whích histamine activlÈy had been suppressed)

to increase the permeability of cutaneous vessels to Evans blue dye. Thus

epsilon Ëoxin may be able Èo damage endothelial ce1ls, after blnding to receptor

sites, by a mechanlsm nediated by an adenylcyclase-cAMP system.
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In any review of the pathogenetic mechanisms involving cerebral vasculature

cognizance must be taken of the rblood - brainr barrier (BBB) phenornenon. This

concept was introduced by Ehrlich a centuxy ago based on the observation that

dyes injected lnt.ravenously in laboraÈory animals, although escaping inÈo the

tissues of oÈher organs, did not enter the brain parenchyma.

The anatomieal component of the BBB is probably the endothelial cell of

capillaries, and Èhe overlapping edges of these cells with their continuous

tighÈ junctions make them unique. Other postulated structural components are

the endothelíal basement membrane, and the astrocytic end-feet which completely

invest the surface of cerebral capillaries. In larger cerebral vessels, the

vascular and glial basement membranes are dlstinctly separate but becone fused

at Èhe capillary 1evel. These glial foot-processes may have a regulatory

transport role in fluid and elecÈrolyte homeosËasis (Manz, 1974). Ependymal

cells covering the choroid plexus and the meninges have also been implicated.

Pericytes are enclosed withi-n leaves of the basement membrane and assist in

removing substances from the extracellular space or those leaving the vascular

lumen. In addition, the small size of the interstiËial space in Èhe brain may

also conceivably restrict the movement of plasma soluËes (Tschírgi , 1962).

Finally, the metabolic activities of the central nervous sysËem determine the

rate of accumulaÈion of blood borne solutes, and it has been proposed that

metabolically inert compartments (e.g. nyelín) exchange with surroundÍng fluids

at a very slow rate.

The Èerm BBB inplies an anatomical barrier but may be nore accurately

looked at from the biochemical viewpoint as a time-dependent metabolic process

since the mechanisms which prevent or permlt passage through Èhe endothelial

ce1l are numerous and vary \^rith Èhe class of conpound under consideration.

Thus, to some compounds the endothelial cell represents a physical wall, others

are degraded 1n these cells, and yet other compounds diffuse freely or are

transported more rapidly when metabolic demands deem this appropriate. It
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appears Ehat solutes travel naín1y through, and not between, endothelial cells

in their passage from the plasma to extravascular fluids in the brain (Tschirgl,

1962).

In cerebral capillarles, a Èransendothelial ferrying system via scanË

pinocytotic vesicles is of minor importance, being apparently responsible only

for t.ransporË of proteín molecules and parti-cles. Interendothelial tight

junctions Day act as a filter for small ions but unless injured preverit

diffusion of large molecules. The basement membrane performs sone barrier

function for large molecules, and pericyÈes are phagocytic.

In most parts of the normal brain the three possible routes for penetration

of tracer material across the endothelium of other organs (between endoÈhelial

cells, via cytoplasmic vesícles or through fenestrae) are not functional.

Injected tracer material is halted at the tíght juncÈionsbetween endothelial

cells and the few cytoplasmic vesicles present remain free of tracer apart from

a few at the luminal surface (Mar.z, L974).

In oederna states, Èracer permeates nearly all the extracellular space in

oedematous areas. Cytoplasmic veslcles become much more numerous and fill with

tracer material and many regard this as the rnaj or paÈhway for transport of

tracers. Sínce tracer is also found lining the spaces beÈrüeen endothelial cells

during oedema it is possible thaË tight juncÈions open under these conditíons

- and permit passage of tracer substance ouÈ of vessels. In most regions of the

brain, although very attenuated, endothelial cel1s do not possess fenestrae but

in some chroníc oedema staÈes, fenestrae have been observed Èo develop in

endothelial cel1s, allowing egress of large anounts of haematogenous maËerlal

(t"taraz, 197 4) .

Klatzo (1967) proposed that cerebral oedema be classified as eiÈher

rvasogenicr or rcytot.oxict while recognizing, however, Èhat both types depend

ultimately on some degree of enhanced vascular permeability, that one Èype may

eventually secondarlly assume some of the characteristi-cs of the other, and some
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inJurious agents nay result i-n the expression of both of these types of oedema

In vasogenlc oedema, there is severe damage to endothelial cells which

become íncompetent and allow all plasna constituents to leave the blood vessels.

The oedema accumulates chlefly in the white natter with enlargement of Èhe

extracellular space, and swelling of astrocyÈes and perivascular foot processes

occurs in grey matter (the extracellular space in grey maÈter appears of normal

size).

Cytotoxic oederna is manifest fundamentally as intracellular swelling due to

a direct effect of the noxlous i-nfluence on cellular elements of the parenchyma.

The endothelial cells remain intact and the exuded fluid is a plasma ulÈra-

ftltrate. Depending on the inciting agent., oedema may be localized Èo grey or

whiÈe matter with swelling of these cells and their processes and the extra-

cellular space constitutes the imrnediate source of fluid which enters these

cells in abnormal amounÈs. In its purest form cytotoxic oedema should result in

a retraction of this space (províded cell membranes do not rupture). There is

evidence to support this assumption (Klatzo , 1967).

It has long been recognized thaÈ white matter is nuch more susceptible to

oedema and íË ls here thaÈ oedema can lead to tissue destruction (l"lanz , 1974).

The cerebral cortex, on the other hand, is not particularly oedema prone. This

situatlon is understandable as spaces in whiÈe matter may be in excess of

B0O Ao in diameter whereas in grey matÈer uniÈ membranes aPpear Èo be

separated by only 100 to 2OO Ao (Klatzo , 1967). Under increased fluid

pressure ln the exÈracellular space, cells being fluid -filled cannot be

compressed but only separaÈed and it is apparent thaË such separaEion may occur

more easily bethreen regularly arranged, parallel, myelinated nerve fibres in the

white matÈer whereas the tangled connections between cells and lack of direct

linear pathways in grey matter make fluid spread nore difficult. Hydrodynamie

forces induce fluid spread by diffusion, although coordinated movements of

astrocytic membranes may assist in the spread of extravasated fluid (Klatzo,
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1967). Vascular permeability at the s1Èe of injury is increased for a liniÈed

number of days and Èhere may be no increase in the permeability of vessels in

oedematous areas peripheral to the iniËial site of fluid exudation (lulanz, I97 4) .

Feigln and Popoff. (1962) proposed that the relative sparíng of the cortex in the

presence of great enlargemenÈ of Èhe white maLter was due to the mechanical

barrler posed by Èhe arcuate fibres and their sirnilarly disposed

oligodendrocyÈes which are tangenÈially arranged to the cortex and thus flutd

movement into the corËical grey matter is signi-ficantly impeded.

Oedema in the white maÈter is characterized by increased extracellular

space and swelling of astrocytic processes; in grey matter fluid is largely

confined to asErocytes, although rupture of cell mernbranes in severely swollen

cells or in necrotic areas nay cause dilation of extracellular spaces (Klatzo,

1967). Astrocytic sl^relling in oedematous conditions is so prominent that 1t was

once considered that, unlike other ti-ssues, oedema in the braln was

intracellular wiÈh astrocytes being the equivalenÈ of exÈracellular space ln

other organs (Hirano, 1980). Ultrastructural observaËions revealed very compacÈ

neuropil in the braÍn with very little extracellular space and fluid movement

was thoughÈ to occur through the cytoplasm of astroglial cells (Klatzo , 1967).

Markers used to estimate the size of the extracellular compartment, however,

indicated that the extracellular space comprised 4-L5% of brain volume (compared

to 25-45% in other tissues), with very slow equilibratlon rates leading to the

concept of a "blood- brain barrier" (l"Ianz, L974). Cerebral oedema, therefore,

rúas essenÈially the same as that encountered in other organs with astrocytes

perhaps constituting a "functional" extracellular space.

A number of mechanisms have been proposed for the resolution of oedema in

the brain. Most of the fluid is thought to be removed by vessels in the

parenchyma or subarachnoid spaces (t"tanz,1974), although passage of fluid across

t.he ependyrna is a feasible route. Lynph capillaríes are not present in the

brain. I(latzo et aL, (f980) consi-dered, however, thaÈ oedema fluid was
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cleared primarily by astrocyÈes. Plasma proteins can be phagocytosed by

microglia and pericytes (Manz, L974). Movement of fluid i-nto capillarles in

vesicles by retrograde pinocytosis has also been postulated (Cervos-Navarro and

Ferszt, l9B0).
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CHAPTER III

EPSILON TOXIN

Bacreria classifíed as CLostrídiun perfningens arre divided into the five

groups, A t.o E, based on their ability to produce any of the 4 major lethal

toxíns (Table 2). llithout exceptíon, these toxins are protelns which are

synthesi-zed and released from intact cells during growth and, therefore, are

Ërue exoÈoxins (Hauschild, 1971). As these toxins are antigenic, typing is

achieved by neutralizatíon of lethal toxin with type specific antisera.

The molecular weight of epsilon toxin has been variously estimated as

38,0OO (Orlans et aL, 1960), 40,500 (Thonson, 1962) and 24,000 (Habeeb, 1969).

The peculiar property of epsilon toxin, which it shares with iota toxin (not

produced by Type D), is that it is produced as a non-t.oxic precursor

(prototoxin) which requires proteolytic digestion for actívation (Thomson,

1963). Prototoxin can be activated very rapidly by trypsin (but not by pepsin)

which explains why all the epsilon toxin found in the intestlnal contents of

infected sheep is in the fully activated form and enters the circulation in a

highly toxic state (¡ullen, 1970). Only epsilon and iota toxins of

CLostrídíum perfringens are absorbed from the intestinal tracÈ (!üillis , 1977).

The disease is a pure toxaemia with no invasion of tissues by the organism.

The contrÍbutton of the oËher major lethal toxin produced by Type D

strains, alpha toxin, to the pathogenesis of enterotoxaemia may be díscounEed.

In addition Èo the presence of alpha toxin in Type D cultures contributing

insignificantly to the assay of total lethal toxin, it is rapidly inactivated by

trypsin, inÈestinal absorption does not occur (Hauschild, l97I) and alpha toxin

does not pass the blood - brain barrier (Ellner, 1961) (it has, however, been

shown to increase capillary permeability by Elder and lutiles, 1957).

The conversion of prototoxín to toxin is due to the removal by proteolyttc

hydrolysis of a peptide, the fragment split off during this reaction being a

very small part of the molecule. This fragment, while it is still attached to
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the toxin molecule, prevents the molecule from exerting any toxic effecË but

does not alter its combinaÈion with anÈibody. All the antigenic det.erminanÈs of

the toxin give rise to neutraLizing antibody (Orlans et aL, 1960). Adequate

levels of circulating epsilon antÍtoxin afford complete protection against

enterotoxaemia (Itauschild, l97I).

t};e CLost'nidia have two primary habitats in nature, the soil and the

intesÈinal contents of apparently normal sheep. CLoetnidium penfríngens Type

T), however, is largely restricted to the intestine and cannot long survive in

the soil, and is probably unable to compete r^rith Type A strains present (Sníth,

1957). The presence of Type D organisms i-n the aliment.ary tract of large

numbers of normal sheep is important since these organisms could provide the

focus for a potentially fatal intoxication if conditions transpired which were

favourable for the rapid multiplication of Èhese strains (Bullen, 1970).

lvloreover, since bacËería cannot be eliminated from Èhis site, a continuing

program of vacclnatlon 1s necessary to prevent the occurrence of clinical

disease. Furthermore, measurable amounts of epsilon toxin have been found in

serum of clinically normal, non-vaccinated, sheep indicaÈing that epsilon Èoxin

is produced wiÈhout necessarily causing disease (Hauschild, I97L), Epsilon

antitoxln has been demonstrated in up to 907. of carrier sheep in flocks where no

vaccinati-on \^ras pracÈiced (Ilauschi1d, 197f ).

Mouse protection test

The lethal effect of the toxin in mice hras neutralized by Type D antiserum.

A mouse protection test was perforned by admlnisterlng 0.2 mL of Pulpy Kídney

Antltoxin (Commonwealth Serum Laboratories), containing not less than 60 unlts

of antitoxin per ml, intravenously to 10 mice and, 5 hours later, 5 mice

received 0.5 url of a L/rgg dilutlon and 5 mice a 1/1000 dilurion of

activated prototoxin inEravenously. All mice remained alive after 24 hours.

Unprotect.ed control mice died wíÈhin this perlod.
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estimations hrere performed using the method of Reed and Muench

(1938). Activated prototoxin was prepared on October 31, f981. Groups of 5

mice were used at each dilution and animals were ínjected intraperiËoneally wiÈh

0.5 ml of toxin at dilutions ranging from 10-1 to 10-5. The LD5g was

defined as thaÈ dose of toxin which killed 501l of. test mice withln 24 hours.

The following results were obtaíned:

Date per formed 0 Interval from Èoxin preparation

25 / LL / 81 I g-3 '7 2 25 d,ays

17 /4/82 P-3'62 167 days

25/g/Bz ro-3'33 295 d.ays

This persistence of high levels of toxiciËy is in agreement \^rith Niilo

(1980) who reported that Type D filtrate (trypsinized) frorn sheep with

enterotoxaemia maintalned full t.oxiciÈy for 326 days at 4oC. Cooling is an

important factor in preserving toxiclty of Type D filtrates. Gardner (L972)

found toxicity was still detectable after 336 days in samples of ileal contents

held at 4oC, but was lost in 84 days in aliquots held aÈ room ÈemperaÈure.

Toxiclty is also maintained longer when the contents are removed from Èhe

intestine and filtered (Kohler and Freimuth l97I; Niilo, 1980).

Immune staÈus of larnbs

In order to assess the immune status of lambs used in thís study, serum

samples were collected frorn 9, 8-40 day old lambs which htere conÈemporaríes of

the experimental animals and derived from ewes which had been vaccinated wlth

CLostridium penfríngens Type D toxoid 2-4 weeks prior to parturition. The

assay for epsilon antiËoxín was performed by the Bacteriology R and D section,

Commonwealth Serum LaboraÈorles, Melbourne and the results are set out in Table

I. It was apparent that htgh levels of immunity had been conferred by

vaccinat.ion as levels of 0.1 to 0.2 ufmL are considered protective (Middleton,

personal cornmunication) .

LD
5
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CHAPTER IV

MORPHOLOGICAL STUDIES OF THE BRAIN

Experimental studies by Gardner (1973), using imnerslon fixation, and

Morgan and Kelly (L974) and Buxton and Morgan (1976), who employed the perfusion

technique, ín mice and lambs produced conflicting results regarding the slte of

prirnary morphological damage in brain exposed to epsilon toxin. The earliest

pathological changes in such íntoxicaEed brains, therefore, Iüarrant further

investigation. Sorne of the differing changes reported by these authors may have

been due to the method of fixation ennployed and thus iÈ was decided to study

alterations in conËrol and intoxicated brains by boÈh immersíon and perfusion

techniques. ArÈifacts consequent upon removal of the brain afÈer death and

immersion in fixative are absent when the brain is fixed in oítso by

intravascular perfusion (Blackwood and Corsellis, I976).

The t\Àro cyÈological artifacts which could interfere with the interpretation

of results ín this study are the so-called "dark" or hyperchromaÈic neuron and

swelling of astrocytlc processes, especially around capillaries and neurones.

In paraffin sections, dark neurones appear unevenly shrunken and stain intensely

acidophilic wiËh haernatoxylin and eosin and ultrastructurally there is increased

electron density of the nucleus and cytoplasm. This neuronal artifact, however,

decreases as the interval between death and autopsy increases and does not occur

in primaÈes if thís tnÈerval exceeds 10 hours (Brierley, L973). The delay in

human auÈopsies of this order explains why this artifact is uncommonly seen in

such brains.

The evaluatíon of changes occuring in the later sÈages of a disease process

in the brain is little hindered by immersion fixatíon but the unequivocal

assessment of the earliest changes necessitates that neural tissue be perfuslon-

fixed (Blackwood and Corsellis , 1976).
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MATERIALS AND METIIODS

Experimental animals:

Studies vrere conducted on B-12 week old, outbred Swiss white n-ice weíghing

2O-3O gm from the üIaite Research Institute and Koonoona lulerino lambs from the

Turretfield Research Centre, Lyndoch, S.A. Details of the ages and weights of

Èhese lambs are given in Table 3.

Toxin preparation:

The toxin used in experimental studies was a partially purÍfied prototoxin

prepared fron filtrates of broth cultures of CLostridium penfr'íngens Type D

and destined for use in the comnercial producti-on of a vaccine against ovine

eriterotoxaemia. One gran of 0.25% trypsin (lifco) was dissolved in 25 url of

phosphate buffered saline and I ml of a final dilution of this 1:250 solution

added to 1ml of prototoxin. This nixture r¡Ias incubated at 37oC for 45

mÍnutes Eo permit enzyme activatlon of the toxj-n, Èhen stored in aliquots at

-2OoC until required.

Toxin administration:

Trypsin activated, partially purified epsilon toxin was injected

inÈraperitoneally in mice in a single bolus of 0.5 ml. I 1/gOO dilution of

toxin constituted a lethal dose and mice were dead 4-6 hours after

administration. Mice given a sublethal dose of toxÍn received t 1/¡OOO

flilution. Co^+*-t *^.,."-ts aLve \iJeÅ () S -t 
g"t"iq '^{-'- 9e-'tu^e-Jl'7.

In lambs, toxin was adulnistered via the jugular vein. Because the

susceptibility of these anlmals Èo the toxin had not been <leternined prior Eo

these experimenÈs and since their imrnune status \ras uncertain, they were given

5 rnl aliquots of undiluterl toxin unÈil nervous signs became apparent. The doses

of Èoxi-n given to each lamb are recorded in Table 3. Lamb K2-420, however,
Z. ç*t ø.\i.1vøl-

receivedMoftoxinasitwasthoughttohavebeenco1ostrum-

deprived.
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Fixati-on techniques:

a) Immersion

Mice were anaesEhetízed, decapitat.ed, and Ëhe brain rapidly removed

by a circumferential incÍsion in the calvarium beginnlng and ending at the

foramen nagnum. One mm Èhick serial coronal secÈions \,{ere cut and placed in 1O%

buffered formalin or 2.57" ghtaraldehyde in cacodylate buffer, for 24 hours and

2 hours, respectively, before further processing.

b) Perfusion:

lvfice were anaesthetized wíth chloroform, the thorax opened rapidly,

the right auricle incised and 20 ml of heparinized saline (9 g NaCl/l containing

0.02 7. of heparin) was injected into the left ventricle through a needle in Ëhe

apex of the heart. When Èhis solution had been infused and clear fluíd issued

from the auricle, the injection of 2.57" gluËaraldehyde buffered in 0.1 M

cacodylaÈe buffer (pI{ 7.3) was commsngsd in a simllar manner into the beating

left ventricle. Fixation of the brain was heralded by ¡nuscle spasms which

gradually progressed to rigidity of the carcass and 20 rnl of fixative (kept at

or close to body temperature) was administered via the venLtcle. The calvarium

was removed ancl the fixatÍve applied to the exposed braln surface. The brain

vras then rapidly removed, immediately immersed in glutaraldehyde and small

blocks of tissue Tíere cut for processing for electron microscopy. Coronal

slices were also sectioned for light rnicroscope examinatlon.

Tissue proeessing:

a) For light microscopy, tissues $rere processed to paraffin wax, 6 um
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sections cut and stained with haematoxylin and eosin (II & E). The ernbedding

schedule 1s ouElíned below:

70% alcohol 60 mlnutes

B0% alcohol 60 minuÈes

95% alcohol 60 ni.nutes

100% alcohol, 2 changes each 60 minutes

100% alcohol (1 volune),

meÈhyl benzoate (I volune) t80 minutes

1% celluloidin in methyl benzoate overnight

"Peelaway" wax (Peelaway

Scienti-f ic, California, U.S.A. )

(in vacuum impregnator, 3 changes during) 90 mínutes

Embedded in "Peelaway" r^rax.

In addition, selected tissues were sÈained with periodic acid - Schiff (pAS),

luxol fast blue and the peroxidase - anti peroxidase (PAP) technique to detect

glial fibrillary acidic protein (GFAP).

b) For electron mlcroscopy, Èíssues were fixed Ln 2.57. gLutaraldehyde buffered

i-n 0.1 M cacodylate (pH 7.3) for 2 hours and post-flxed in 27" osmíum tetroxide

buffered in 0.1 M cacodylate (pll 7.3) for I hour. The tissue pleces were then

dehydrated in increasing concentrations of ethanol, cleared ln propylene oxide

and embedded in an Epon-Araldite mixture (TAAB Laboratories, Reading, Berks.,

England).
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The dehydrating and embedding schedules for tissue blocks are shown below:

Dehydration

30% ethanol

50% ethanol

75% ethanol

95% eÈhanol

100% ethanol

100% ethanol

Embedding

5 minutes

5 minutes

10 minuÈes

I0 minutes

30 minutes

30 minutes

1) 100% propylene oxÍde, 2 changes, 15 mínutes each.

2) Epon-araldite nixture (l volume), propylene oxide (1 volurne), 30 minutes.

3) Epon-araldite rnixture (3 volumes), propylene oxide (I volume), 60 ninutes.

4) Epon-araldite míxture, 2 changes, 60 mínutes each.

5) polymerize resin in moulds at 600 overnight.

TAAB embedding mixture:

MNA (rnethyl nadic anhydride) t5.78 gn.

DDSA (dodecenyl succinic anhydride) l.86 gro.

Embedding resin 26.35 gm.

DMP (2,4,6 tri (dimethylaminomethyl)phenol) 0.67 gm.

Sections (1 zn) were stained with toluidine blue for screening by light

microscopy. Ultrathin sections l^rere cuÈ on a Porter-Blum MT-2 ulframicrotome,

mounted on copper grids, stained with uranyl acetate and lead citrate and

examined with a JEOL 100C electron mícroscope.

Experíment 1:

In order Èo determine the dlst.ribution, severity and frequency of

occurrence of lesíons in differenÈ areas of the brain, t\ro groups of mice were

given a sublethal dose of Ëoxin and sacrificed 24 hours post-inoculation. The

first group contained 60 nice and received 3 such doses of toxin over tlne 24
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hour period while the second group conprislng 30 nice, received only a single

dose. Brains were fixed by immersi-on in 10% buffered formalin.

Results are shown in Table 4.

ExperimenÈ 2:

Thís study was designed to examine the sequential changes in brain

morphology during lntoxication. One group of mice were given a lethal dose

of toxin and groups of 5 aninals sacriflced from 30 minutes to 6 hours post-

lnjection and the brain fixed in oíuo by perfusion with 2.57" glutaraldehyde in

0.1 M cacodylate buffer at pH 7.3. Another group were given multiple sublethal

doses of toxin, the brain fixed by immersion and mÍce were killed fron 6 hours

to 7 days post-injection. Tissues were subjecÈed to both light and electron

microscopic examinaEion and ultrastructural observations were based on blocks of

tlssue removed from the cerebral and cerebellar cortices and the corpus callosum

of each animal.



27.

CI{APTER V

MORPTIOLOGICAL STUDIES OF THE BRAIN

CLINICAL FEATURXS

Mice receiving a lethal dose of Èoxin showed signs of depression,

uneasiness and reluctance to move about 30 minutes after administration. This

soon progressed to severe depression, rapld, shallow respiration and

hyperaesthesia. Head pressing was sometimes observed and at 4 hours, when mice

were moribund, muscle tremors and convulsions commonly occurred. Many mice also

demonstrated signs consisËent \rith vestibular lupairment such as head tilt.,

círcling and violenÈ rolling movements which could be preci-piÈated by tactile or

auditory sÈimulation. l{hen these mice exhibitíng cerebellar involvement r.rere

lifted by the Èail they were clearly disoriented and often commenced a spinníng

motion.

Mice injecÈed slith a sublethal dose of Eoxin became moderately depressed

with nild dyspnoea about I hour later or remained apparenÈly normal. The number

of mice showing clinical signs increased when 2-3 sublethal doses of Èoxin were

administered over a 24 lirour period and severely affected animals displayed signs

described earlier but a proportion of míce always remaÍned clinically normal. A

few mice whlch appeared to be in the terminal stages of intoxicaËion survived

wlËh no apparent neurological impairment or had a persi-stent head tilt.

These studies indícated that there rÀIas a considerable range of individual

susceptibility Eo a given dose of toxin.

Int.oxicated larnbs became depressed, listless and Í-ncoordinated with

dyspnoea being one of Èhe earliest. signs. The rapid, shallow respiration

became gradually more pronounced and even stert.erous, and marked cyanosis was

evidenË prior to death. Excessíve salivation occurred in Ehe later sÈages of

the illness. The gait becarne unsteady and progressed Èo sternal and then

lateral recumbency. In the laËter posiËion, violent paddling movements of the

llmbs and convulsions were frequent, heralded and succeeded by hyperextension of
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arching of the back, and pronounced dorsiflexion of the head

GROSS PATHOLOGY

Mice:

Ialith good perfusion, the carcass was hardened and rigid with slight

yellowing of the tissues. The brain was firrn, somewhat rubbery and yellor¿ish in

colour with no blood in meningeal vessels. Only brains which conformed to these

criteria were used for further study.

The lungs were white in colour and the lobes enlarged, protruding out of

Èhe opened thoracic cavity when perfusion was completed. This appearance

contrasted with the collapsed, pinkish coloured lungs of unperfused pulmonary

tissue. The hearË was yellor^rish 1n colour with coronary vessels devoid of

blood. The reddish-tan colour of norrnal liver and kidney l{as replaced by a

yellowish hue alËhough it I¡Ias apparent that fixatíon of abdoninal organs r^ras not

always as cornplete as that obtained with brain and thoracic viscera by this

method of perfusion. The kidney, in particular, often showed imperfectly

perfused reddish coloured parenchyma juxtaposed with well-perfused yellow renal

tissue.

Affected mice showed no significant gross alteraËions apart from the

occasional animal in r¡hich the cerebellum was partially herniated through the

foramen magnum.

Sheep:

In lamb K2-420, the brain r^tas macroscopically normal except for very

obvious congestion of meníngeal vessels. The lungs were firm, vret, and

reddish-grey in colour, and the thoracic cavity contained about 200 nl of straw-

coloured fluid. A few peËechial haemorrhages \¡rere present in the epicardium and

endocardium and the pericardial sac contained an excess amounÈ of clear fluid.

The kídneys vrere markedly congested but oËherwlse of normal appearance and
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conslstency. The mucosa of the smalI inÈestlne was lntensely hyperaemlc and the

contenÈs slightly more fluid than normal. The stomach was devoid of colosÈrum.

The braln from lamb K2-420 was used for further studies as it was

considered that Ëhls animal had been "mismothered" and colostrurn-deprived (no

colostrum r¿as found at auËopsy) and it demonsËrated the classical clinlcal and

post-mortem findings of acute enterotoxaemla and thus probably approxi-mated to

the fteld situaÈion. It was thoughË that the very large doses of toxin requl-red

to induce neurological signs fn Èhe other lanbs may have rendered the latter
situation somewhaÈ atypical of the occurrence of the natural disease.
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HISTOPATHOLOGY

Mice

In perfusion fixed control brain stained with II and E, the neuropil was

compact with nerve fibres and glial processes imparting a fine, uniform

granularlty and a fibrillary arrangement was evident in the larger whíte natter

tracts. In some areas of neuropil a very fine vacuolation \^ras apparenÈ,

particularly beneath the ependyma and the cortex adjacent to the meninges and,

to a lesser degree, in heavlly rnyelinaÈed fibre tracts. In the polymorphic and

pyramidal layers of the hlppocampus qulte large clear vacuoles about 20 um in

diameter wÍth no obvious cellular associatíon and sometimes traversed. by

delicate strands of Eissue r^Iere consistently present. The neuropil in thts

region also was slightly more coarsely vacuolated (about 5-7 um in dianeter)

than in other sites.

Blood vessels !üere preserved in an open state and only a very occasíonal

vessel contained a single erythrocyte. Capillaries r^rere in dlrect apposition Ëo

the contiguous neuropil (Fig. 11, 12) but sometiues around larger vessels a

snall clear perívascular or Virchow-Robin space was discernible. Astrocytíc

end-feet r.rere not. identifiable by lighÈ microscopy.

AsÈrocytic nuclei l¡Iere open and a little snaller Èhan Èhose of neurones

sometímes possessing a basophilic dot or centrosome. The cytoplasm was noE

visible. Oligodendrocytes rüere represented by small, round deeply basophilic

nuclei, resembllng small lymphocytes, and cytoplasm was not apparent.

Ì'ticroglial cells had moderately basophllic, elongated rod-shaped nuclei, without

detectable cytoplasm. Neurones r^rere generally well-preserved with distinct

nuclear membranes and uniforrnly distributed chromatin; cyËoplasmic outli-nes were

falnt. In the cerebral corÈex l^rere scattered a few neurones with small dark-

staíning nuclei and deeply acidophilíc cyÈoplasn which had a shrunken, angular

appearance. Nuclear and cytoplasmic rnembranes of Purkinje cells were definite

and only an occasional ce1l showed the "dark neuron" arÈifact. A few purkínje
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cells had smal1 clear spaces around them which probably represented rnild

swelling of adjacent astrocytÍc processes and their cell bodi-es. The internal

granular layer r^ras compact T¡ríth very little extracellular space.

In immersion fixed material, the neuropil üras more loosely arranged hrith a

more appreciable and widespread fine vacuolation. The vacuoles ín the

hippocanpus mentioned earlier Írere somewhat larger. Many blood vessels,

especially Ehe smaller ones, were partially or completely collapsed and

erythrocyËes filled the lumina. In comparison to perfused nervous tissue, more

blood vessels possessed a small non-staining perivascular space, sometimes

traversed by fine strands, and this change was more obvious as the calibre of

the vessel increased. Some astrocytes, particularly the fíbrous type, r^tere

separated from the adjacent neuropil by a small clear space. Neurones in

immersion fixed brain hacl a better defined, lightly basophilic, cytoplasm and

post-mort.ern pyknomorphlc chromophília was more widespread. In the cerebellum,

the majority of Purkinje cells showed shrinkage with more densely staining

nuclei and enhanced acidophilía of the cytoplasm. These cells usually were

suspended in irregular clear spaces and the granular layer was less compact.

In intoxícated brains subjected to a lethal dose of toxin, lesíons were

examined sequentially for up to 4 hours and the brain was perfusion fixed. At I

hour, the most obvlous change was the presence of clear spaces around most

vessels, soneÈlrnes Ímpartíng a scalloped appearance around vessels of capillary

size (Fig. 14). hrhile blood vessels could stll1 be readily found with lumina

fixed 1n the fully open state and in close Jpposition to Ehe neuropil, many rrere (

collapsed and not uncommonly contaíned apparently trapped erythrocytes which

were not flushed ouÈ during perfusion and probably represented vascular stasis.

Nearby vessels which were fully patent very rarely contained eryEhrocytes.

Fine vacuolation of the neuropil was present in uany areas, particularly

in the larger white matter tracts and areas such as the corpus striatum and

thalamus and Èo a much lesser degree in the cerebral cortex. Many astrocyÈes
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were surrounded by clear spaces and the nuclei of these cells were larger and

paler than normal. Some neurones, notably those in Ehe corpus striatum and

thalamus, r\rere also surrounded by snall clear spaces buÈ the neurones themselves

appeared unaltered. In the Purkinje cell layer of the cerebellum any neurones

rüere surrounded by non-staíning spaces.

The above changes became progressively more obvious and at 4 hours, the

neuropil, especlally ín whíte matter of paraventrlcular areas (Fig. 15),

internal capsule, corpus callosum (fig. 13) and vestibular tracts, had a coarse

vacuolar appearance with separation of fibres by clear spaces imparting a coarse

fibrillary appearance. Cerebral cortical grey matter r^7as conspicuously much

less i.nvolved in this process. In some of these areas, discret.e vacuoles gave a

distinctly bubbly appearance to the neuropil. Occasionally there were large

spaces in the white matter with considerable separation and some fragmentation

of nerve fibres and many astrocytes in these lesi.ons nor4t possessed a visible

amounË of eosinophilic cytoplasm.

At 4 hours, vacuolation of the Purkinje cell layer in Èhe cerebellum was

now quite conspicuous and the granular layer was less compact.ly arranged. A few

sma1l foci of necrosis r¡Iere present in the granular layer with pyknotic nuclei

of granule cel1s disposed in a non-staining matrix (Fig. 22).

Since most. mice had succumbed to a lethal dose of toxin at 4 hours, the

following descriptlon is based upon observations made in mlce receíving multiple

sublethal doses of toxin and fixed by immersion.

At. 6 hours, there was readily apparent perivascular and lntercellular

oedema. Perivascular spaces were dístended but contained no plasma exudate and

most vessels were markedly hyperaemic. In the whlte Eatter, capillary

haemorrhage r¡ras sometimes observed (Fig. 18) and astrocytes r^rere reactive

forming gemistocytes or occasfonally degenerating with nuclear pyknosis and

karyorrhexis. Vacuolation and rarefaction of the neuropil was mosÈ extensive in

the corpus callosum and callosal radíations, the area lateral to the lateral
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ventricle, corpus medullare cerebelll, vestibular area, corpus st.riatum and

thalamus.

AË 12 hours, smal1 amounts of faintly eosinophilic plasma exudate were

found adjacent to a few snall blood vessels and astrocyt.i-c nuclel were swollen,

vesicular and hypochromatlc. In a few oligodendrocyÈes, a narrow rim of deeply

eosinophilic cyÈoplasm was now visible and many capillary endothellal ce1ls

appeared hypertrophíed. Occasionally oval, eosinophilic bodies representíng

swollen axons (spheroids, torpedoes or retraction bulbs) were vislble in areas

of whíte matter damage.

At 18 hours, fragmentation of glia in white matter lesions rías more evident

and in sone of these areas, especíally the corpus callosum, there were lakes of

deeply eosinophÍl1c plasma exudate (Fig. 17) which had a foarny, vacuolar

appearance and sÈained sÈrongly positive with the PAS technique. In the rniddle

and deeper layers of the cerebral cortex discreEe foci of spongy change (Fig.

L6,23) were sometimes found, occasionally contiguous with similar lesíons in

the subcorÈical white matter, and neurones in affected areas were shrunken and

deeply eosinophilic; neurones in adjacent unaffected areas of cortex, hotrever,

appeared normal. In areas of corpus striatum (where grey and white mâtter are

closely adrnixed) showing severe oedematÍzation, some neurones demonstrated large

vesicular nuclei and cytoplasmic vacuolation (Fig. 20) and a few were shrunken

and deeply acidophillc. At this tirne, especially tn the vestibular tracts,

axons not uncommonly showed irregular, beaded swellings and were surrounded by

an expanded, varlcose, non-stainlng myelin sheath (Fig. 19). I^Iith fragmentation

and reÈraction of the axon and íts sheath, ellipsoids formed and often enclosed

an oval, eosínophilic swollen axon (digestlon chambers) (Fig.25,26). At a

later stage, ellipsoids became less well-defíned leaving an irregular pale-

staining focus containíng eosinophílic axonal debris and aÈ the periphery of

which compound granular corpuscles (giËter cells) had appeared.
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Ãt 24 hours, whiÈe matEer lesions in some areas had progressed to malacia

with the neuropil presenting a lacy appearance with fibres widely separated by

clear spaces containing a few small, round deeply basophilic nuclei, most of

which represerited pyknotic asÈrocytic nuclei with a few survlving

oligodendrocytes (Fig. 2I, 24). Extravasated erythrocytes ürere sometimes

numerous in rnalacic foci and, at the periphery of these lesions, ast.rocyt.ic

nuclei were enlarged and hypochrorraElc, endothelial cells were swollen and Èhere

$ras a slight increase in the number of rod-shaped mieroglial ce1ls. trùhen

sections were stained wit.h luxol fasÈ blue, they revealed exËensive loss of

nyelin and correlation of malacic foci wiÈh control sectÍons of brafn stained

with luxol fast blue indicated that the majority of lesions were confined Eo

heavily myelinated regions of brain (Fig. 3, 5). No polynorphs or lymphocytes

I^lere seen 1n any malacic foci i-n the brain at any stage. A f ew necrotic areas

had undergone complete liquefaction necrosis wiÈh empty spaces devoid of any

tissue and thís ehange was most eonmonly observed in the corpus callosum,

someÈimes resulting in separation of the white matter from the overlying

cerebral cortical grey matter. In brains examined at 7 days, the malacic foci

were almosÈ completely filled with gítter cells (Flg. 27,29,30), which had

small, round nuclei with clumps of chromatin and a clear, vacuolated or finely

granular cyÈoplasm (Fig. 32). These lesions also contained fibrous astrocytes,

whose processes stained dark brown wtth the PAP technique to detecE GFAP, and

axonal debris. Capíllarles were seen to be invading Èhe organi-zing focus at the

periphery. In a few brains incidentally, lesions ín an advanced stage of

resolution were found. These cellular foci were composed of proliferating glial

cells wíth oval to elongated nuclel, which probably represented fibrous

astrocytes, together with peripheral invasion by capillaries (Fig. 3I).

Lesions consistently rranifested three features. The malacic foci were

ofËen focal; they were commonly, though not always, bilaterally syrnmetrical; and

they were usually confined to the white maÈter with neuronal changes apparently
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secondary Ëo oedematizatiot of the neuropil. Furthermore, mice gi-ven the same

dose of toxin ð'rffereft' in their susceptibility. Some animals showed mlnimal or

no lesions when sacri-ficed and lesions were often at different stages of

developrnent at the same time post-administrati-on of toxin. There r¡ras a tendency

for lesions to occur consistenÈly in certain regions of apparent. selecti-ve

vulnerability buÈ t.he extent of these lesions increased with enhanced

susceptibility of the hosÈ animal Èo the action of the toxin. Therefore, the

above hisÈopathological description represents a plcture of the most typical

sequential development of lesions.

Lesions were most comnonly found in Èhe corpus callosum, radiato corporis

callosi' corpus sÈriat.un (especially the caudate nucleus, putamen and internal

capsule and less commonly the globus pallidus), cerebral cortex, vestíbular

nuclei and tracts, corpus medullare cerebelli, thalarnus, granular layer of the

cerebellun, roof nuclei of Èhe IV ventricle and the paraventricular area lateral

to Èhe laÈeral ventricles. Less frequently, malacic lesÍons were found in the

anterior commissures, substantia nigra, the fimbria and alveus hippocampi and

Èhe fornix (Fig. 1,2,4,6,7,8,9,10). No malaci.c foci were found in Èhe spinal

cord.

Sheep

In lambs, brains were fixed by imurersion and central nervous tissue from

control animals was norphologically sirnilar to that of conËrol mice. The

neuropil I^/as compact but more coarsely granular than in mice with a fine

fibrillary pattern usually discernible and in some areas a fine vacuolation Ìras

present. In the heavily rnyelinated fibre tracts in sheep the larger fibre size

lmparÈed a much more coarse fibrillary pattern. Neuronal preservation was

generally good with nuclear and cytoplasmic membranes well-defined and the

cytoplasm showing a light basophilia. Most neurones T¡rere closely apposed to the

surrounding neuropil but some possessed a small perineuronal clear space. There

ulerer however, always a few shrunken, deeply anphophilic neurones present \^lith
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larger surrounding clear spaces. A small nurnber of astrocytic nuclei were also

surrounded by a small clear space. Some blood vessels r\rere surrounded by small

non-staining spaces traversed by fine strands giving a somewhat serrated

aPpearance; occasionally these perivascular spaces vrere quite large. A

proportion of vessels r^rere seen to be part.ially collapsed.

In lanb K2-420, which died 3 hours afLer admini-stration of toxin,

perivascular spaces l^rere considerably enlarged compared to controls and

discontinuity I^Ias often observed in the fine strands ¡vhich spanned these spaces.

Blood vessels $Iere very congesÈed and the lumen appeared to be considerably

narrowed in those l,lith the greatest perivascular swel1ing. Rarely, a small

amount of proteinaceous exudate was found in these spaces. The rnajority of

neurones were also possessed of a surrounding clear space beÈween the cell

membrane and a<ljacent neuropil as l^rere astrocytic and oligodendroglial nuclei.

A snall amount of eosinophilic cytoplasm r¡ras sometimes visible in these glia1

cells. Neuronal changes lÁlere usually not detected, except. for a scattering of

"dark" neurones also seen in controls, but a few neurones showed more

hypochromatic nuclei and a few small cytoplasmic vacuoles. Extravasation of

erythrocytes was rarely encountered. In many areas the neuropil was finely

vacuolated but Ín some regions vacuoles were larget (5-8u ín diameÈer) and

\^rere present in greatest concentraÈion in the neuropil adjacent Ëo affected

blood vessels. Purkinje cells were well preserved with only a few neurones

showing shrinkage and marked eosinophilia and there r¡ras no increase in the

number of the latÈer cells eompared to controls. The Purkinje cell and granular

layers r¡lere somewhat less compact in K2-420 compared to cerebellum from conËrol

lambs.
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T]LTRASTRUCTURAL PATTTOLOGY

In conÈrol mice with good perfusíon of the cerebral cortex, the neuropi-l

hTas compact with close apposition of cell membranes and very líttle
(t5 *r)

extracellular space. The neuropíl,.in corÈices \das composed largely of the

processes of protoplasmic astrocytes (in some of which fíbrils were visíble Ln

the cytoplasrn), non-myelinated axons (differenËiat.ed from other elements by the

presence of synapÈic vesÍcles in the axoplasrn) and dendrites (recognized by

their uniformly distributed complement of microtubules and irregular outline in

transverse section) €p+-¡++l . The occasional myelinaÈed axon was also

present.

In sections taken from the corpus callosum, where myelinated axons were i-n

abundance, a proportion of t.hese axons showed separatíon of myelin lamellae

which, however, was restricted Eo segments of the sheath and caused focal

distortion of the shape of the myelin sheath (Fig.45). This disturbance of

myelin larnination has been reported to occur in many careful preparati-ons of

nervous tissue.

Neurones \¡rere generally well-preserved in perfusion flxed material but in

brain fixed by lmmersion, neurones sometimes appeared shrunken, distorted and

very electron dense with multi-vacuolation of the cytoplasm.

In perfusion fixed brain, capillary endothelial cel1s showed moderately

electron dense cytoplasm containing a few mitochondria and sparse endoplasmic

reticulum; glycogen granules r^rere usually numerous and a few small microplno-

cytotic vesicles were present. The lumen was fu1ly patent and the endothelial

cell of uniform Èhickness. Intercellular junctions were closely apposed and

tlght juncËions r,vere commonly seen ln secti-ons. The basal lamlna appeared as a

moderately electron dense, amorphous band of unlform thickness and in some

secËions divÍded to enclose a pericyte. Occasionally srnall "blebs" of

endothelial cytoplasm protruded into Èhe lumen.
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The astrocytlc end-feet directly surrounded the capillary and were closely

applied to the endothelial basal lamina (Fig. 4I,42). The cytoplasm contained

both nitochondria and endoplasmlc reticulum.

In brain tissue fixed by immersion, the capillary lurnen üras lrregular in

outline, the endothellum not of uniform thlckness and the endoÈhelial cytoplasrn

slightly more electron lucent than perfused material. The preservation of

organelles \^ras poorer with nitochondria, in particular, ofÈen being swollen and

less electron dense with disruption of cristae. The lunina of vessels ofÈen

contalned eryÈhrocytes and finely granular, moderately electron dense,

precipit,ated serum proÈeins. Astrocytic end-feet were nearly always swollen to

some degree (Fig. 43) resulting in the vessel being surrounded by a scalloped

clear space traversed by celI membranes of glial cells and containing

improperly preserved organelles. In brain fixed by perfusion the neuropil

displayed a uniform, moderaÈe electron density, but in immersion fixed tissue

the neuropil was less compact and appeared patchily electron lucent due rnainly

to sr'telling of astrocytes and their processes. Axons and dendrítes were also

less electron opaque and cytoplasmic organelles irnperfectly preserved.

Around larger vessels the pot.ential perivascular or Virchow-Robin space

contai-ned cell bodies and processes and collagen fibres; this space was not

present at the capillary level.

In the cerebellurn, the Purkinje cells in perfused brain vrere generally

well-preserved (Fig. 44) but in some cells both nucleus and cytoplasm showed

shrinkage and marked electron density. There hras occasionally nild swellíng of

the surrounding processes of the protoplasmÍc astrocytes. The nuclei of these

astrocytes rirere i-rregular in shape wiÈh relatively homogeneous karyoplasm,

although condensations occurred beneath the nuclear envelope and ín a few sites

tn the ceritre of the nucleus (Fig. 44); the cytoplasm was confined to a thin rim

around the nucleus and conÈained only a few organelles. The granule cells were

small neurones and as a result most of the ce1l body was occupied by the nucleus
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which contained several large chromatin aggregates (FÍg 44). The plasma

membranes of these granule cells were often closely apposed.

The followi-ng description of the sequential development of the early

leslons in the brain resultíng from a lethal dose of toxÍn ls restricted to

perfusíon flxed material from mice.

At 30 minutes post-administ.ration, the most conspi-cuous change was marked

enlargement of astrocytic end-feet (Fig. 48). These foot processes were large,

electron lucent spaces spanned by cell membranes of glial cells, sope of which

were discontinuous. Present in this clear space were ghost outlines of

organelles and swollen miEochondria, with either severely disrupted cri.stae or

lacking enÈirely any internal strucËure $rere prominent. AdjacenÈ to capillaríes

small pools of finely granular, moderately electron dense proteinaceous

mat.erial Ì^7ere sometimes observed (FÍS. 50). In capillaries, inÈercellular

junctions appeared less closely apposed (especially on the luminal aspect),

pinocytotic vesicles were slightly augrnented in size and number, and the

cytoplasm was less electron dense. Mitochondria were swollen with

disorganÍzatioî of cristae, and the basal lamina appeared slightly more electron

dense. The lumína of affected vessels sometimes appeared to be greatly

narrowed (Fig. 48). Occasionally, swollen astrocytes with a more electron

lucent nucleus and cytoplasm, the former showing less evenly distributed

chronatin' were seen lying close to Èhese vessels (fíg.47). In the neuropil,

astrocytic processes were enlarged and of decreased electron density (Fig. 74),

and sÈructures immediately adjacent to these expanded processes appeared

somewhat compressed. Neurones appeared to be unaffected.

In the cerebellum, the cytoplasm of astrocytes was very swollen wÍth

greatly dilated endoplasmic reticulum and rnltochondria, many of the latter

possessing little discernible internal architecture (Fig. 46, 49). Cytoplasmlc

boundaries of Èhese cells were often indistinct and appeared to be ruptured in

some areas. Many granule cells had expanded, electron lucent cytoplasm with,
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little organelle detail apparent (Fig. 53). Granule cell nuclei were less

electron dense wiÈh reduced chromatin clumping in some. The nuclei and

cyÈoplasm of a few Purkinje cells lÁIere very dark, but, as this change was also

seen in controls, it is probably not sÍgnificant. AsÈrocytic processes around

Purklnje cells were also swollen.

At Èhis sEage, apart from nltochondrlal swelling, degeneraÈive changes were

not seen in capillary endothelial cells and the most obvious alÈeration was the

marked enlargemenÈ of astrocytes and their processes, especlally in the

perivascular extension of these ce1ls.

At I hour, perivascular end-feet swelling was still narked buÈ, in

addition, evidence of severe damage to endothelial cells r^ras present. Finely

granular, moderately electron dense pools of plasma exudaÈe were nor¡r more common

near vessels (Fig. 50) and this finding was much more frequently ericountered at

the ultrast,rucÈural than the light microscope leve1. Affected endothelium was

often so electron dense that the internal sÈructure of the cytoplasn was

obscured. Clear cytoplasmic vacuoles (Fig. 64) were often present and the

endothelium frequently appeared very attenuated. Sone endoËhelial cell nuclei

were pyknoÈic and very electron dense and the luminal surface lüas irregular with

conspicuous "blebbing" (Fig. 55). The basal lamína was more electron dense than

controls and appeared to be split at some sites. PericyËes usually appeared

comparat.ively normal at this time, apart from the miÈochondrial changes

described earlier in the endoÈheliun. It was noted, however, that some vessels

in areas where other pathological changes r¡Iere well advanced appeared relatively

normal (Fig.69) and this was a consistenE finding at all stages of lesion

development. studi-ed. Moreover, glial end-feet swelling \.ras sometimes mild when

endothelial damage in contiguous vessels was severe. A few neurones showed a

modest increase in electron lucency of Èhe nucleus and cytoplasm and

occasionally the cytoplasm of oligodendrocytes r^ras slightly increased in amount

and clariÈy (Fig. 72).
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In the cerebellum, swelling of astrocytes \¡/as more severe with fragments

of organelles dispersed in an enlarged, clear cytoplasm often lacking definite

cell outlines (Fíg.56,58,61). Clurnping of chromatin in the nuclei of these

cells r{as more pronounced and changes in granule cells were of a similar

nagnitude Èo those described at 30 minutes.

At 2 hours, changes similar to Èhose seen at I hour were observed ln

endoÈhelium wíth "blebblng" more prominent. Some vessels also appeared to be at

an lntermediate stage of degeneration with the cytoplasm condensed into electron

dense bands (Flg. 65, 73).

In the corpus callosum, lamellation of rnyelin r¡/as more severely disturbed

with spaces of decreased elect,ron density between the myelln layers. Although

this change l^ras also observed j-n controls, splitting of Èhe sheath was more

severe and less segmented in toxin treated nice (Flg.63). Axon cylinders

appeared distended (Fig. 66, 67, 68) and Ëhere was enlargement of the

extracellular space wiÈh increased distance between cellular elements; sometimes

axons appeared to be floaÈing in a structureless matrix of lonr electron density

(fig. 70). Progressive swelling of astrocytes r^ras apparent in the cerebellum

(Fig. 57, 60) wiÈh rupture of cell membranes creating a "pseudo-extracellular

space" in some areas.

At 3 hours, the endothelium of many capillaries was reduced to a thin,

electron dense band wlth multfvacuolatlon of the cytoplasm in whlch no sub-

cellular structure such as organelles could be detected. The pericyte nuclei

appeared unaffected, and the cyËoplasm, although more elecËron lucent, appeared

to be reasonably well-preserved. The basal lamína r^ras no\{ quite elecËron dense

in some vessels and "blebbing" in many lumina \¡ras severe. Sornetimes,

perivascular swellfng had progressed Eo such a degree Èhat stenosi.s of the

capillary lumen was apparent, and, at a shorÈ distance from such a vessel in the

neuropil , Ehere rÂtas a focal area of degeneration wit.h fragments of cell

processes and remnants of organelles scattered in an electron lucent matrix.
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Once again, it was not uncommon to find damaged blood vessels in close

associaEion with more nonnal vessels.

Some granule cells in the cerebellum possessed nuclei of much reduced size

and sllghtly enhanced electron density, and Èhere was loss of cytoplasmic detail

and appreciable cellular borders.

At 4 hours, changes were similar to those evident I hour earlier, but it

was not uncommon to fínd in Èhe cerebellum capillaries showing atËenuation and

marked electron density of the cytoplasm with, however, little or no swelling of

astrocytic end-feet (Fig. 59).

At 5 hours, pericyte nuclei were showing condensation of nuclear chromatin

and enhanced electron density; the cytoplasm was much less electron dense with

some disintegration of organelles. In a few vessels wiÈh "dark" endothelial

cells t.he basal lamina, in addiÈion to its greater electron density, appeared to

be thickened over some of its length. A few neurones now showed nj-ld shrinkage

with enhanced elecÈron density and rnild cyÈoplasmic vacuolation (fig. 69).

AE 24 hours, in mice given a single sublethal dose of toxin and examined at

24 hours, there was mild to moderaEe swelling of astrocytic end-feeË and

processes. In some capillarles, stenosis of the lumen appeared to be present

only where end-feet !üere greaÈly swollen; where swelli-ng was mÍld or rninimal

around the same vessel, Èhe lunen was apparently patent (Fíg.62). Apart from

mit.ochondrial swe1ling, capillaries appeared morphologically unaffected.

Swelling of asÈrocyËes and the cytoplasm of granule cells in the cerebellum

was moderaÈely severe.

Rarely, 1n irnnersion fixed brain, evidence of stasis and platelet

aggregaÈions (Fig. B0) \^tas apparent ln Èhe lumlna of some vessels. In blood

vessels showing stasis, erythrocytes, leucocytes and finely granular serum

protein were found in the lumen. In these vessels, endothelial cells were

either comparatively normal or showed i-ncreased electron density. Present in a

few capillarles \^rere aggregates of plaÈelets closely packed together.
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In a few secÈions were present large lakes of homogeneous, moderately

electron dense proteinaceous material (Fíg. 7I,72) with marked enlargement of

extracellular spaces wi-th glial processes and nerve fibres widely separated; the

axons and dendrites were often very di-lated with lncreased electron lucency and

little lnternal strucÈure.

In lamb K2-420, which died 3 hours after lnjectíon of toxln, ultra-

st.rucÈural findings $rere sinilar to those described in mice. Perivascular end-

feet were greatly swollen resulting in a large electron lucent space around

capÍllaries with loss of detail of many glial limiting membranes and remnants of

organelles adrift in this strucÈureless matrix. The "dark" endothelial cells

seen in mice at this stage, horrever, did not have their counterpart in thís

lanb. Endothelial cells !,Iere attenuated with either slightly increased electron

density or enhanced elect.ron lucency of the cytoplasm wlth some disintegration

of organelles evident. In some vessels the basal lamina demonstrated a marked

íncrease in elecËron density. A small amount of granular, moderately eleclron

dense protein exudate was noted around some blood vessels. In the neuropil,

astrocytic processes l¡rere very dilated with clear "\^ratery" cytoplasm largely

devoid of organelles. Both nyelinat.ed and non-myelinated axons were swollen

vrlth a few miÈochondria in various stages of dissolution being the only reminder

of any pre-existing internal structure. Myelin sheaÈhs showed conslderable

splitting of lanellae often with intramyelinic vacuole forrnation; sometimes only

one or two lamellae remained and the outer layer occasionally appeared to have

ruptured into the extracellular space.
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Discussíon

Experiment I

Lesions r¡rere very variable in their dístribution ærd severiÈy but were

consistenÈ \^rith findíngs in mice by Griner (1961) and Morgan and Kelly (1974)

and simílar to the distributíon of lesions in lambs described by Hartley (1956)

and Gríner (1961). In mice, however, more regions of the braín appeared to be

susceptible to the acÈion of epsilon toxin than sheep.

Areas of the mouse brain rnost commonly affected in thls study were the

cerebral cortex, corpus striaturn, vestibular area, corpus callosum and corpus

medullare cerebelli and the proportion of mice which developed lesions

increased when multiple rather than a single dose of toxin was given. This

latter finding agrees with observations by Morgan and Kelly (1974). These

authors considered that the dorsolateral aspect of the corpus medullare

cerebelli and the paraventricular area lateral to the lateral ventricles were

the sites where the initíal lesions developed since lesions occured in these

t\,ro areas in all mice where histological changes were detected and were the

only areas affected in 8 of 16 mice. In Ëhe group of míce given a single dose

of toxín, lesions only occured in a few mice but the granular layer of the

cerebellum r¡ras the region where leslons I^Iere seen with the greatest frequency

i-n these animals. Líght and u1Ëra structural fíndings in experiment 2lend

support to the view that this was possibly the area where lesions first

developed in Ëhe present studY.

Experiment 2

The earliest ultrastructural change in mice exposed to epsilon toxin was

swelling of astrocytes and theír processes, particularly the perivascularly disposed

extensions of these cells, at 30 minuËes. Also at this time prominent swelling
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of asÈrocytes, and to a lesser degree granule cells, hras evident ín the

cerebellum. At I hour, Èhe above changes I^rere more severe but, in addition,

damage to capillary endothelíal cells was apparent with endotheliun atEenuated,

vacuolated and very electron dense. Cytoplasmic "blebs" projecting lnto the

vessel lumen r^rere prominent and swellíng of astrocytic end-feet appeared to be

causing stenosis of many capillary lunina. Leakage of plasma proÈeín was

observed. It was consistently fornd that not all capillaríes were affected and,

even ín areas of extensive parenchynal damage, severely damaged vessels could

be seen near capíllaries showíng no apparenÈ atnormality. In white matter

tracts, axonal swelling and separatíon of rnyelin lanellae were observed

relatively early in the disease. Irrvolvement of neurones and pericytes in the

degeneratíve process r^tas a comparatively lat.e phenomenon and generally mild.

As lesions developed, evidence of egress of large amor:rtts of plasma protein was

occasionally noted.

It appears, Èherefore, that changes in the neuropil preceded evidence of

monphoLogicaL changes in capillary endothelium, albeiÈ by a short tíme interval,

and that lesions developed rapidly after toxin admínístratlon. In lntoxicated

mi-ce, the sequence of pathological events at the ultra structural level

appeared lnitially to be damage to capillary endotheliurn severe enough to cause

fluid transudatíon from blood vessels but not manifesÈ in Èhis early phase by

norphologícally detectable changes ín caplllaries. Concomita¡rt wiËh Èhis

escape of fluid was swelllng of perivascular end-feet and astrocytes and their

processes in the neuropil. Astrocytes in the cerebellum appeared to be

especlally vulnerable. Distortion of nyelín la¡nellation wiËh electron lucent

spaces between the layers of myelin was found by Long et aL (1966) in human cerebral
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oedema and is present in a number of other intoxications.

generally attributed to fluid accumulation between myelin

This change is

lamellae.

The present results were consistent with findíngs by Morgan and Kelly

(1974) to the extent that the earliest rnorphological changes in mice were ín

the neuropil. These authors, however, regarded periaxonal and intranyelinic

oedema in the white matter and swellíng of axon terminals and dendrites in grey

matter as the sites of earliest lesion development. They found that, aparÈ

from mitochondrlal swe1ling, no morphological changes vrere present in

capillaríes in Èhe early lesions and capillary endothelial damage was considered

to be feature of more mature lesions in the brain. Morgan and Kelly concluded,

however, that. the primary lesíon was probably in Ëhe vascular endothelium,

possibly involving miÈochondrla, rather than a dírect effect of the toxín on

braÍn parenchyma. They observed that ín malacic lesions, leakage of plasna

proteins and erythrocytes always occured in association with platelet thronbi

in vessels and nay have been a result of microt.hrombosis, but conceded t,hat

platelet adhesion may have been a reflection of pre-existing damage to

capí1lary endothelium. Such thrombi were rarely seen in this study.

Gardner (L973) regarded astrocytic swelling in the cerebellar granular

layer as the site of ínitial pathological events in the brain of mice. Gardner

concluded Èhat the basic leslon rÍas vascular endoÈhelial damage and other

changes, swellíng of astrocytes and thelr processes around blood vessels and in

the neuropil, were the result of this vascular injury. Endothelial changes

reported by Gar&rer (1973) and Morgan and Kelly (tSl+¡ were of the type found

in this study. Gardner (1973) described discont,inuities in the endothelial

lining, wit.h plateleÈ adhesion in sorne cases, but Èhe basal lamina was unaffected;
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neurones appeared normal. Gardner used immersion fixation whereas Morgan and

Kelly (L974) employed perfusion. Morgan et aL (1975) found Ëhat the earlÍest

change detected by lighÈ or electron microscopy ln mice, in the absence of a

tracer, r¡ras 6 hours after administration of t.oxin. Morgan et aL (1975), using

horseradish peroxídase, proved that vascular leakage occured several hours before

morphological changes ürere evident as escape of tracer material was noted 20

minutes afËer injection ín intoxicated míce. Gardner (I974) also found extravasaÈlon

of HRP ín the braíns of mi-ce I hour after admínistraËion of toxin and the mean

waËer content of the brains of intoxicated mice was significantly greater than

controls. Morphological changes were detected much earlier in this study.

The findíngs Ín lanb K2-420 were símilar to changes seen in nice at 3

hours but evidence of severe endothelial danage in this lamb was lacklng.

Morgan and Kelly (L976), however, using colostrum-deprlved lambs, report.ed that

Èhe principle ultrastructural change was "dark" endothellal cells showing

increased electron density, nuclear pyknosis and loss of cyÈoplasmic organelles,

surrounded by swollen astrocytic end-feet. Astrocytes in the Purkinje layer of

the cerebellum r¡rere consistenËly found to be swollen in this lamb.

The clear perivascular spaces seen in haematoxylin and eosin sections

corresponded to swelling of astrocytic end-feet. The light microscope

coütËerpart of the ultrastructural changes in the neuropil r¡Ias a status

spongiosus with the vacuoles in the parenchyma being a reflection of swollen

astrocyÈes and their processes, hydropíc axonal swel11ng, lntranyelinic fluid

accumulation and enlarged extracellular spaces. The perineuronal clear spaces

sornetimes observed corresponded to swelling of surror¡nding astrocyÈl-c

processes. Swelllng of astrocytes and granule cells accotrtËed for the vacuolation
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observed in the Purkinje and granular layers of the cerebellum. Vacuolated

neurones and swelling of oligodendrocytes rnay also contribuÈe to thÍs vacuolar

appearance in central nervous tissue buË changes in these cells were minímal in

intoxicated mice.

Swelling of astrocytic cytoplasm is the most common and least specific

finding in the early g1ial reaction to lnjury in Èhe brain, especially ín

oedematous states. This accounËs for swelling of astrocytes and their

processes, particularly in perivascular locaÈions, in control brains fixed by

lmms¡sion or improperly perfused as some degree of post-morEem autolysís had

occured under these conditions.

Lesions in intoxícated brains vrere essentially confined Èo the white

matter which is recogní-zed as being much more susceptible Èhan grey matter to

oedema and the changes attributable Èo oedema consisË essentially of degeneration

of white matter.

In general, oedema in ¡¿hite matter is characterized by wideníng of

exÈracellular spaces and swelling of asÈrocyÈic processes; in grey matter fluid

accumulation Ís confined to cells, especlally astrocyËes (Adornato and Lampert,

1971). At the light microscope leve1, astrocytic swelling is suspected when

vacuoles are seen in regíons known to be oceupied by astrocytic processes i.e.

around blood vessels and nerve cells. In contrast, status spongiosus confined

principally to grey matter ís relaÈed mainly to swellíng or vacuolation of

nerve cells or neuronal processes and has a distinctive líght rnícroscopic

appearance with vacuoles located within the neuropil but rarely arornd blood

vessels.
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The early changes ín epsllon intoxicated brain correspond to Klatzors

(1967 ) vasogeníc oedema in which the mecha¡rism of fluld accumulation is vía

severe endothelial danage and oedema fluid is chiefly Localized to white matter

and composed of plasma filtrate, including plasma proteLns. Perivascular

astrocytíc foot processes are swollen and the extracellular space increases in

s|ze.

The histological findings ín older lesions in the present study resembled

those described in rnice by Griner (1961). Griner for:nd lesions of non-l-nflammatory

necrosis and haemorrhage at 18-24 hours which progressed to liquefaction

necrosis by 30-36 hours. No neutrophíls or other inflammatory cells were fotn.d

in this study either. Also in Grinerrs experimerits, at no stage of the

developmenÈ of neurologieal lesions in míce were gitÈer cells for:nd whích is

surprising as these cel1s are to be anticÍpaÈed ín any malacic lesion undergolng

resolution, particularly where exËensive destruction of rnyelin has occured.

In the present sËudy gitter cells hrere numerous in malaclc foci r:ndergoing

resoluËíon. From day 4, lesions were characterized by capillary invasion and

astrocytic infiltration into these malacic foci.

Three prominent histological changes found in the present study, namely

perÍvascular oedema, haemorrhages and focal malacia in certaín regíons of the

bral-n, although not diagnostic ín themselves, r^rere considered by BuxtorL et aL (1978)

to be very suggestíve of enterotoxaenia caused by CLostnidiun peÍ'f?ingens Type D

when present together Ín affected lambs. These authors examined brains fron 18

field cases of clinical enterotoxaemia, each of which recoräed positlve results

for the presence of Type D toxin in ileal contents. The diagnosis of this condltion

ís usually based upon characterístic clinical signs and gross autopsy findíngs

and the detection of toxin in intestinal conEents. The presence of toxin ln

the absence of relevanÈ clinical and pathological findings, however, is insufficient
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to sust.ain a díagrrosis and failure to detect the presence of toxin does not

exclude the diagnosis.

Cerebral Oedema in lrlater IntoxicaÈi-on

Excessive systemíc r^rater Íntake has been shown to produce cerebral

swellíng in laboratory animals (trIasterlaín and Posner, 1968; t{asterlain and

Torack, 1968) and it was proposed to compare the ultrastructural changes ín

this model of cerebral oedema wíth those for:nd in epsilon intoxicated brains,

ín which diffuse cerebral oedema appears to be an early and important change.

Materials and methods:

Mice were injected intraperitoneally with a volume of dísËíl1ed water equivalent

to 307" of theír body weight. 15 minutes príor to injection of the water, each

animal received 2 r.rríts of pitressin (Parke-Davis & Co.) as trIasterlain and

Posner ( 1968) had completely inhibited urínary excretion in rats by this meËhod

in a similar experiment. 60 minutes after the waËer load was administered mice

wete in eætremis and were anaesthetLzed, perfused and the brain prepared routinely

for electron microscopic examinatlon.

Results:

Mice became very depressed about 10 rninutes after injection of the

waÈer with hyperpnoea and head pressing and were moríbr:nd at 60 mínutes.

Ultrastructural examination of the brain revealed severely dilated perivascular

foot processes of asÈrocytes T¡rith a large electron lucent space substantially
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devoid of organelles, except for a few mitochondria, most of whlch showed

disruption of cristae. Most tlght jr:nctions between astrocyÈic fooÈ processes

appeared Èo be íntact but rupÈure of astrocytl-c membranes \,vas sonetimes seen.

AstrocyÈes and their processes rüere also severely oedematous and the

extracellular spaces between adjacenÈ structures in the whlte matÈer were

greatly enlarged. Endothelial cells appeared Èo be unalÈered, however the

lumen was often considerably reduced in diameter correspondlng to areas of

greatest end-feeÈ swelllng.

Discussion:

UltrastrucÈural changes in water intoxícated mice were similar to those found

in mice exposed Èo epsilon toxin and resenbled findlngs by Lottg et aL ( 1966) in

human cerebral oedema. Swelling of astrocytes and their processes, especially

those in contact \dlth capillaríes, I^ras marked and enlargement of extracellular

spaces was evidenÈ. These findíngs tend to confirm that the early changes

induced in nervous Èlssue by epsilon Èoxin are essentially those of oedema and,

as endothelial cells in water intoxicated mice appeared relatively normal, the

degenerative changes seen in Èhese cells ín epsllon lntoxícated mlce appear to

be due to a direct effect of the toxin on the vasculature.
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CHAPTER VI

TRACER STUDIES OF THE BRAIN

Horseradish peroxidase

The results obtained from light ærd elecÈron mícroscopic studies on

intoxicated braíns suggested that there vras increased vascular perneabílity and

ít was decided to use horseradish peroxidase (HRP) as a vascular tracer to

deÈermine whether extravasation of this enzyme would occur in toxin treated

mice. HRP ís a small molecular weight protein (401000) which ís not membrane

bor:nd in uiuo and the half-life of this tracer in the circulatíon is less than

30 ninutes, suggestíng also Èhat there is little signifícant binding to serum

proteins (Hírano et aL, 1969).

Materials and Methods

Mice were subjected to a lethal dose of toxín injected intraperitoneally

and I hour after toxin administraÈion, 10 mg HRP (Peroxydase

Grad II (Lyophilisat), Boehringer Mannheim GmbH, I,,I. Germany) in 0.5 nl of distilled

$rater was ínjected via a tail vein. Mice were sacrificed 10 ninutes after HRP

was given.

Brain was immersion fixed ín Karnovskyrs fixative prepared by dissolving 2

gn of paraformaldehyde powder h 25 ml of water heated to 60-70oC. 1-3 drops

of IN NaOH were added until the solution cleared. The mixture v/as cooled, 5 m1

of. 507" glutaraldehyde added and the volume made up to 50 nl wiÈh 0.2 M

cacodylate buffer, pH 7.4 - 7.6. 25 mg CaCL2 anhydrous was also added. The

final pH was 7.2. A few brains were also fixed by perfusion but in this case

2.5"/" gltú.araldehyde alone was used as Ëhe hígh osmolality of Karnovskyts

fi-xative may cause tissue shrínkage when perfused; shrinkage, however, is

r:nusual when material is fixed by immersion (Karnovsky, f965).
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After overnight. fixation, snall blocks of tissue were washed ín 0.lM cacodylate

buffer and incubated for 60 minutes at room temperature in Èhe dark in 0.05M

TrisHCl buffer, at pH 7.6, conÈaining 5 rng of 3-3 diaminobenzidi-ne

tetrahydrochlorlde (DAB) (Sigma Chemical Conpany) per 10rn1 of buffer and a

final concentration of 0.017" HZOZ. Tissue was then post-fixed in 27" osmíum

tetroxide in cacodylate buffer and subsequenÈ steps ín preparaÈíon for electron

rnlcroscopy r,rrere routine. Ten control mice were, a) injected with HRP in the

absence of toxin and b) received no HRP but brain slices r¡rere exposed Èo the

incubation medium.

12-20 um frozen sections of coronal slices of brain were also cut., placed on

albunin - coated glass slides and incubated for 15 minutes in DAB as above.

The sections \^rere Èhen washed and lightly counÈerstained with haematoxylin.

Result.s:

lthen frozen sections r{ere examined by light microscopy, oxidation of DAB had

resulted in a light brown to black reaction product which in control mice

ínjected wíth IIRP r^riÈhout toxin filled the lunina of blood vessels but there

rüas no staining of extravascular parenchyma (Fig. 33). In conËrol animals

which received no HRP, reaction product was found only in eryÈhrocytes and

within neurones. Reese and Karnovsky (1967) attributed staíning of these cel1s

Èo inÈrinsíc peroxidase activity, specifícally in lipofuscin granules ín

neurones. In toxin treated mice, reactíon product was wídespread in the

parenchyma and hras seen leakíng from blood vessels and in deposlts around them

(Fig .34 , 35 ,36 ) .
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In electron microscope preparations, reactíon prod.ucÈ was easíly

visualized, the final electron opacity due, in part, to its avid reactíon with

osmium tetroxide (Grahan and Karnovsky, 1966; Reese and Karnovsky, 1967). In

immersion fixed control brains, erythrocytes l¡lere very electron opaque and

exogenous peroxidase r¡ras localized in the lumina of vessels and \^7as present in a

few micropinocytotic vesÍcles wiÈhin endothelial ce1ls (Fig. 75); rtone l^ras found

beyond the vascular endothelium. The endothelial basal lamina was free of reaction

product. In perfusion fixed controls, reaction product was confined to micro-

plnocytotic vesicles with a very snall residual amount apparenÈ1y adherlng to

the luminal surface of the endothelium.

In toxin Ereated mice reaction product ú/as found in micropínocytotic

vesicles wÍthin the endothelium but these vesicles did not appear Èo be any

more numerous than in control brains. Reaction product l^las frequently pooled

along the basal lamina (Fig. 76178) but all st.ructures beyond were free, except

for a small amounÈ which sometlmes proceeded into the clefÈ bet\^teen 2 adjacent

asÈrocyËic end-feet (Fíg. 77,79>. Occasionally tracer r.rtas fornd in junctions

between endothelíal cells but the filling was only partial and no contínuous

line of reaction product was evident from the lumen Ëo the basal lamina. The

faílure to demonstrate extravascular accumulation of reaction product was

surprising in view of Èhe extensive extravasaEi-on of HRP seen by light

microscopy and was unlíkely to be due to a sampling defect as tissue prepared

for ultrastructural examlnation was selecÈed from areas of light microscopically

evidenÈ tracer extravasatíon.
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Dlscussion

The fíndings ín control míce were in agreement. with observatlons

nade by Reese and Karnovsky (1967) and Hírano et q,L (1969). These authors fourd

that in normal cerebral endothelíum HRP from Èhe lumen penetrated only partly

between adjacent endothelial cells and was stopped at tight junctions. HRP -

contaíning pínocytotic vesícles were found to be few in number a¡rd confined to

the luminal surface or occasionally within the endothelial cytoplasm; they were

not seen at the basal surface. The endothelial basal larnina and extracellular

spaces were devoid of react.íon producË. Reese and Karnovsky (L967) considered

that cerebral endothelial cells maintaíned a considerable gradient. of this enzyme

because Èhe doses used in their study were 3 times the amor¡nt sufficient to

permeate the extracellular space in myocardium or skeletal muscle of mice. They

consídered this was probably due to 1) tight jr:nctions (zonulae occludentes)

which probably form a cont.inuous belt bet¡rreen adjacent. endothelial cells and

prevent passage from the vascular compartment to the interstitium of the brain.

Endothelial cel1s in brain capíllaries also appear to have more tight jrmctlons

than is usual ín capillaries in other tissues, and 2) the paucity of vesicles

in cerebral endothelium of the Èype whlch have been assoclated wit.h transport of

materials across endothelium elsewhere.

In control lambs and mice, Buxton and Morgan (L976> for¡nd leakage of

reaction product in the choroid plexus and area postrema, regions knorrrn to

conÈain fenesÈrated capillaríes. Vessels in these areas (and in pineal gland,

hypophysis, hypothalamus) possess an obvious perívascular space and have only

an incomplete collar of astrocytes. Thís anatomícal arrangemenÈ differs from

the najority of central nervous tlssue where caplllaries are completely

invested by the foot processes of asÈrocytes with no perivascular or Virchow -

Robín space (ttanz, 1974).
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Gar&rer (1973) fotnd extensive escape of exogenous peroxidase from the

vasculature lnto the extracellular spaces of the brain in intoxicated mice.

Morgan (1975) for:nd that HRP leakage could occur wíthin 20 minutes of toxin

administration and was present throughouÈ the braín of mice. BuxÈon and Morgan

(1976> fotnd breakdown in the vascular integrlty to HRP in brains of lambs only

50 minutes after toxin administration.

TheoreËically, there are 3 methods by which tracer could be moved from the

vasculature into the parenchymatous extracellular space I) pínocyÈosis, 2)

between adjacent endothelial jrnctions or 3) by direct penetration through

severely disrupted endoÈhelial cells.

Hirano et aL (1969, 1970) for:nd that when brain I¡Ias appropriately injured,

leakage of HRP occured by all 3 routes. It is probable in íntoxlcated mice

that most IIRP leaks out from the vascular lumen between endothelial cells and

although HRP deposits were not demonstrated occupylng the entire length of the

junction, this direct continuity between lumínal and abluminal sites has been

shovrn Èo occur by Hirano et aL. In other sÈudies where escape of HRP ínto

extravascular sites ín toxin treated mice was extensive, pinocytotic vesicles

observed were too few to account for the amount of HRP presenÈ in the extracellular

spaces, particularly since pínocytosis is generally considered to be a slow

process (Brightman et aL, 1970). Also ín these mice, severe disruption of the

vascular endotheliun did not occur.

Ferritin

It was decided to investigate wheËher the alÈered vaseular penneability in
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epsilon intoxicated mice would result in loss of vascular integrity to injected

macromolecules. Ferrítin \^tas consíclered suiËable for this study because of lts

size and electron opacity and because ít remains in Èhe circulation at high

concentrations for periods up to 2 hours following injection (fani and Evans,

1965). Ferritin has a molecular weight of 480r000 and the complete molecule

measures about 100 Ao ln diameter. Ferritin has not previously been used to

study vascular changes in animals exposed to epsilon toxin.

Materlals and Met.hods

Mice received a leÈhal dose of toxín and r¿ere injected lntravenously vla a taí1

vein wíth 20 ng of ferritin (Calbiochem-Behring Corp) 1-4 hours after toxin

admínistraÈion. Mice r¡Iere sacríficed 15 minutes af ter injection of ferrit.in.

The ferritin (equine) was a 2 x crystallized, Cd removed solutÍon in 0.15 M

sterile NaCl. The brain was immersion fixed in 2.5% gLuBaraldehyde and

routinely processed for electron microscopy. lfrrstained sections r^rere sometimes

used for better vísualizatíon of the ferritin parÈicles. Brain was also

processed to paraffin wax and sectíons stained with Perlrs Prussian blue to

LocalLze the ferritin Ëracer.

ResulÈs

PrussÍan blue sections examined by líght rnicroscope revealed an abundance of

ferrous materíal in vessel lumina but extravascular deposiÈs of tracer hrere not

fourd 1n control or intoxicated brains.



58.

Ultrastructurally, ln control brains, a few part.icles were seen to be

entering small vesicles at the luminal surface and were present in a few such

vesicles in the endothelial cytoplasm. ûrly an occasional vesicle r.ras present

aÈ the contraluminal side of the endothelial cell, intracellular junct.lons were

free of parÈicles and no ferrítin molecules were detecËed in the endothelial

basal lamina (Fig. 8l ).

In toxín treated brains, there r{as an Íncrease ín the number of parÈícles

present in srnall and large vesicles and vacuoles were sometímes seen containing a

significanË quantity of ferritin (Fig. 82). A few parÈicles were observed ín

the intercellular jrnction on the luminal side but did not penetrat.e beyond

tight jr:nctions. 0ccasiona1ly, intercellular gaps were considerably widened

with apparent loosening of the tight junction but these spaces r^rere conspicuously

free of Èracer particles (Fig. 83). Few parti-cles were present in Ëhe basal

lamina of the endothelium and only rarely were ferrítin molecules apparent in

perivascular g1ial cells.

Di scuss ion

I,Iith respect to the mode of ferritin transfer across cerebral endoÈhelium,

3 routes are possible - via open endoÈhelial jtmctions, vía surall (50 nu)

vesicles or by direct penetration of the cytoplasrnic matrlx. Casley-Snith

(1964) considered that, in general, all these paths were used to some degree

dependíng upon Èhe substance being transported, the local physicochemícal

environment and the site and state of the endotheliun. Ferritín and Èhoríuu

dioxide have been seen passing directly through the endothelial cytoplasm, free

of encircling membranes, but Casley-Snith (1962) stated that some of these
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1
molecules are displaced by the mlcroÈome knife. Casley-Snith (196ø) concluded

thaË molecules of molecular weíght less than 1000 can readily pass through

endoÈhelíal Ëight junctions, but those greater than 201000 cannot do so and

Èherefore Ëhe "meshes" of the zonulae occludentes are impermeable to large

nolecules. He considered that the slow penetration of large molecules through

the endothelíal barrier was largely or solely in small vesi-cles.

Tani and Evans ( 1965) studied normal and oedenatous braín in cats and

concluded that íntravenously injected ferritín particles passed through the

endothelial cel1 by pinocyÈosis. In the normal brain the basal lamina appeared

to act as a barrier to the passage of ferritin because, even 2-3 hours

posÈinjection, alÈhough moderate amormts of ferriÈin were seen in the

endothelial cytoplasm, relatívely few particles were found in the cytoplasm of

perivascular astrocytes at thís time. These findíngs were 1n agreemenÈ wiÈh

observations ln the present study although fewer ferritin partícles were

present in cytoplasmic veslcles in normal mouse endothelíum, probably because

the mice were killed earlier after ferrítin adminisËraËion.

Tani and Evans (1965) produced cerebral oedema by ínflation of a balloon

which had been placed in the exÈradural space. Ferrítin particles were seen to

pass through the basal lamina of the endothelial cel1 into the cytoplasrn of

perivascular asËrocytes and, in the later stages, particles $lere seen free in

distended extracellular spaces. The present study indicated some breakdor^n in

t.he integrity of Ëhe cerebral endoÈhelium to macromolecules ín intoxicated mice

but of lesser degree than that found by Taní and Evans (1965). This may have

been due to species dlfferences, different methods of oedema production and the

longer time interval between ferritin lniecÈion and death in the latter

experiment.
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Raímondi et aL Q962) for¡nd, however, that in the normal cat brain

ferritln was free in the basal lamina 12 I/2 mínuEes post-injectlon, locaÈed in

perívascular glia1 ce1ls within 45 ninutes and in ext.racellular spaces after 3

1/2 hours. These auÈhors used perfusion fixation whereas Tani and Evans fixe<l

the brain by direct injection into the parenchyma which they claimed avoided

possible artlfacts secondary to perfusi-on of fixative.

Although vesicular Èransport of large molecules appears to be a tardy

process in cerebral endothelium, Casley-SmiÈh and CarËer (1979) demonstrated

Èhat in acute inflammation, partícles were Ëransported across endothelium ln

the diaphragm as rapidly as 30-60 seconds after injection. They found that

vacuoles ¡,vhich appeared in inflamed endothelium were largely responsible for

ferrítin transport across these cel1s since small vesicles did not Íncrease in

size or number, no ferritin was seen ín intercellular jr:nctlons and vacuoles

were still present. 90 ninutes afÈer Ínjection at which tine the junctions had

closed again.

ThoroËrast

To complenent studies with ferritin, another large molecule, ThoroÈrast

(Testagar & Co. Inc.) was employed as a vascular tracer. The particle slze is

30-I00A'.

Materials & Methods

Thorotrast contains 24-267" stabilízed colloidal thoriu¡n dioxide, 25% aqueous

dextrin and 0.15% meËhyl parasept as a preservative. Five mice were given a
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lethal dose of toxin and 30 minutes after admínístratíon, 0.2 nl of Thorotrast

was injecÈed via a tail vein. Änírnals vlere sacrificed 60 nínutes later. Brain

was immersíon fixed in 2.57" gLrtaraldehyde and routinely processed for electron

microscopy.

Result s

In control brains, large numbers of electron dense Thorotrast parÈicles

r^rere present in the lumen, a f ew r^Iere seen entering sna1l veslcles from the

lumen and occasionally larger vesicles conÈained several particles but particles

hrere rarely found on the ablurnínal side of the endothelial cel1. The basal

lamínae of the eapillaries were almost free of ThorotrasÈ and very ínfrequenÈly

a síngle particle hras observed in a vesicle ln the perivascular astrocytic

cytoplasm. In toxín treated mice there \¡ras a slight increase in the number of

partícles in cytoplasmic vesicles and the basal larnina and the adjacent

astrocytic cytoplasm contained a few particles (Fig. 101). Endothelial

jr.rrctions appeared not Ëo participate 1n particle transfer.

Discussion

In a study of experimental allergic encephalomyelitis (naf¡, Lampert

(1967 ) used Thorotrast as a vascular tracer and while normal rat cerebral vessels

remained impermeable to ThorotrasË with no perietration through, or uptake by,

endothelial cells, in EAE particles r^tere seen in the gap betr^reen endothelial

cells, throughout the basal lamina and in adjacent extravascular spaces between

glial and neuronal processes.
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In the preseriÈ study, a few particles in vesicles had reached the basal

lamina and adjacent glia ín controls buL the time from tracer injection to

death (60 rnÍnutes) was longer than Lampert (1967) allowed (30 ninutes) and

considerably longer than with ferrítin (15 mínutes). The average particle síze

r^ras also smaller ¡¿iËh Thorotrast than with ferritin.

Colloidal Carbon

Cotran et aL G967 ) dernonsËrated thaÈ when colloidal carbon black was injected

ínËravenously, although most of the partícles were rapidly removed by the

macrophage-monocyte system, cerËain vessels when ínjured retained some particles

and were thus "labelled" by thern. Particle síze is approxinately 300 4".

MaÈerials and Methods

Five míce $rere exposed to a lethal dose of toxín ærd 3 hours later 0.1 n1 of

biological ínk (pelikan Company, batch No CIL/1431 a) was injected Íntravenously

into a tail vein of mice. Míce \¡Iere sacrificed 15 minutes later. Brain was

fixed by immersion in 2.57" gLutaraldehyde and routínely processed in preparatlon

for ultrastrucËural examination .

Results

Carbon particles were of slightly varying sizes and mo<lerate electron

density. In both control and treated rnlce the particles were confined

entirely wiËhín the vessel lumen and no differences \¡rere detected between these

Ër^ro experimental sítuatÍons.

Discussion

Cotran et aL (L967> reported that in injured vessels the uptake of carbon
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r¡ras principally due to movement of particles through endothelial gaps rather

t.han by pinocytosis. Carbon was retained at the level of the basal lamina and

pinocytosi-s occurred at a later stage. Cotran et aL stated that at.t.empÈs at

vascular labe1ling within the cenÈral nervous system have not been successful

and the negative results obtaíned in thís study should be viewed in this

light.

Mcnastral blue B

Vascular leakage afËer local injury to a vessel can occur by a direct effect.

of an injurious agent, as has been shovrn to occur in the present study with epsilon

toxin, or indirectly via chemical mediators. In the former type of ínjury, all

types of vessels may be involved, whereas venules are predilected for damage in

the latter sítuation due to t.heír concentration of hístamíne receptors (Jorís

et a.Ll982). Vascular labelling of leaky vessels in uíuo may be demonstrated if

the endothelial cell ís danaged but the basernent membrane remains intact as the

labellíng particles become trapped agaínst Èhis membrane (Cotrat et aL 1967).

Although severe toxin-induced endothelial ínjury was found ín the present

study, 1abelling of affected cerebral vessels with colloidal carbon díd not

occur.

In view of the dífficulty of labelling injured vessels in the brain, it

was decided to use Monastral blue B as Joris et aL (L982) successfully label1ed

raË skeletal muscle venules, after hÍstanine-induced vascular damage, wiÈh thís

substance.

MonasÈral blue B is a copper phthalocyaníne which can be visualized by

both light and electron microscopy, is non-Èoxic when administered at the

correct. dose, and most of Ëhe pigment is removed from the circulation by the

macrophage-monocyte system \^rithin I hour (Joris et aL l9B2).
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Mat.erials and Methods

Five control mice receíved 0.1 nl of. a 37. suspension of Monastral Blue B

in 0.85% NaCl (Sigma Chemical Company, St. Louis, MO.) vla a tall vein and were

sacríficed I hour after injection. Ten mice were given a lethal dose of toxin,
o"\ ul

aft.er 3 hours a-sj+il¿+-¿os€ of Monastral blue B was adnlnistered, and anímals

r^rere sacrificed after a further hour. The brain, lrrlg, heart., spleen and

ki&rey r¡rere removed and f ixed immediately in 10% buf f ered formalin for 48 hours.

Tissues were then ernbedded in paraffÍn and 6 um secÈions cut and sÈained with

haemaÈoxylin and eosin for examínation by light microscopy.

Result s

The gross fÍndíngs in both cont.rol and toxín-treated mice sacrificed I

hour after the administration of Monastral blue B were similar. The lÍver was

r:niformly blue in colour, Èhe spleen a reddish-blue hue and there were focal

areas of bluish discoloration in the lungs. Ihe braín and heart were entirely

free of blue pigmentation. There \^ras sometimes also a ltght blue staining of

the capsular and cut surfaces of Èhe kidtey.

The microscopic appearance of tissues Ín intoxicaÈed mice resembled those

of control animals, r^rith no labelling of blood vessels occuring in any organ.

The most. extensive uptake of pigment $Ias by the Kupffer cells of the liver,

most of which contained blue deposits, and also by macrophages ín the spleen.

Capillaries in Ëhe alveolar walls of the l-rrg often contained intraluminal

deposits of pigrnent and such deposits were sometlmes found in the capíllaries

of the glomerulus and inÈerstitium of the kidney and occasionally in the brain

and heart. No intramural deposíts of Monastral blue B, however, I^tere for:nd in

cerebral vessels or those of other tíssues examined.
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Di scuss ion

The tnsuccessful labelling of toxin-damaged cerebral vessels in the

preserit study is consistent with findings by other auËhors with vascular labelling

in rhe brain (Corran et aL 1967). Cotran et aL (1967 ), ir a review of vascular

labelling with colloidal carbon, recognized four types of vascular blackening

wíth thís substance: l) íntranural deposition due to leakage of plasma-laden carbon

between endothelial cel1s; 2) phagocytosis by endothelial cells; 3)

thronbosis, with an admixture of carbon and platelets, associated wiÈh

endothelial damage; and 4) filling of the vessel lumen with carbon particles.

The efficíency of tight junctions between endothelial cells in the brain

probably prevented the passage of Monastral blue B between these cells Èo the

basement mernbrane, and the paucity of rnicropinocytotic vesicles 1n cerebral

endothelium would iurpede Èhe intramural accumulation of suffícient amounts of

pigment to be vísualízed with the light microscope. The failure to label

vessels in other organs i-s consistent with the apparent resistance of these

blood vessels in mice, compared to the cerebral vasculature, to epsilon toxin-

induced damage which was noted in later experiments in the presenE study.

Fluorescein Isothiocyanate Albumin

In addítion to the egress of water and Íons from cerebral capillaries r.nder

the ínfluence of epsilon toxin, plasna protein has been found ín extravascular

sites at both light microscope and ultrastructural 1eve1s. An attempt was made

to demonstrate exudation of plasma protein usíng a fluorescent substance bound

to albumin.
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Materials and Methods

Five mice were given a lethal dose of toxin ærd 4 hours later were

injected with 250 mg/kg of bovine albumin - fluorescein isothíocyanate (FITC -

albumin) (Signa Chenícal Cornpany) in 0.5 n1 of distílled I.IaEer via a tail vein

Ten and 30 mi-nutes af ter injection of FITC - albunin, the bral-n was rapídly

renoved and ímmersion fíxed in 10% buffered formalin for 2 hours at room temperature.

Two control mice received FITC - albuni¡r alone. Tissues were dehydrated ín

graded alcohols, cleared in xylol, infiltraÈed and embedded in paraffin wax and

sectioned at 6 um. The FITC fluorescent sections were viewed in a Leítz Ortholux

fluorescent microscope fitted with Ploeu epi-illunination, an IIB 200 mercury

lanp as a light source, dichroic mirrors on position 3 a¡rd BG 38 and K 510

filters whíle stlll in wax. Some sections were subsequently taken

through standard haematoxylin and eosin staining for light microscopy.

Results

lkrder the fluorescence microscope, vessel lumina in control brains were

filled with apple-green fluorescing tracer substance which was not present in

extravascular sites and background fluorescence was absent. Toxín treated

bralns presented a sími1ar plcture with no extravasation of tracer rnaterial

detected.

Discussion

The inability to detect exudation of labelled bovlne albunln from cerebral

vessels exposed to epsilon toxin nay have been due to the passage of undetectable

amounts of protein out of vessels which rrere noÈ appreciable r.rrder the

microscope. The presence of plasma protein in exEravascular sítes aË 4 hours at

the ultrastructural level rüas noE consEant and snall in quantity and copious

exudation rvas infrequently observed L8-24 hours post-lnjectlon of toxin.
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Evans blue dye

Sínce extravascular accumulations of plasrna protein were observed ín

i¡rtoxicated mice at bot.h light and electron microscope levels, it was decided to

use Evans blue dye to examine leakage of albunin since the dye binds strongly

and rapidly Eo this plasma constituerit after intravenous injection (Freednan and

Johnson, 1969).

Materials and Methods

Fifteen míce were given a lethal dose of Èoxin ærd 3 hours after

adminlstration, the a¡riuals received 0.1 nl via a taíl vein of a filtered premixed

solution of 4"/. Evans blue (George T. Gurr, London) and l0% bovine serum albumin

(Sigrna Chernical Conpany). 30 minutes after injection of dye, animals Iüere sacrifíced

and the brains ínrmersíon fixed ín lO7" buffered fornalin. The bralns were t.hen

photographed in toto and in coronal slices.

Results

No blueing of the brain parenchyma rtas for¡nd ln control nice receiving

dye without toxin and the cut surface rúas the same creamish-whlte colour as

non-Evans blue injected brains (Fig. 37). In intoxícated mice stainlng of the

braln was variable but, in general, aninals survivlng the lcrrgest or showing the

most severe clinical signs revealed the most extenslve staining of cerebral

tlssue. Stalning hras most obvious in Ëhe corpus striatum and thalamus and either

focal or diffuse in the cerebral cortex (Fig. 38); blueing of white matter tracts

was much less apparent and stalning of the hippocampus was poor.
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Discussíon

Since Evans blue dye ls bound to albumln when int.roduced into the

circulaËion and extravasation of thís dye occurred in Íntoxícated, but. not

control, mice it is evident thaÈ epsilon toxin causes sufficienÈ damage to capíllary

endothelial cells to perurit appreciable leakage of plasma protelns into

extravascular parenchyna in the brain. Jubb and Kennedy (1970) reported that

injection of trypan blue into lambs suffering from enterotoxaernia resulted in

diffuse leakage of the dye throughout the brain, with only the heavily

nyelirraÈed tracts exempted. The most intense stainíng of the brain in this

study was ín the corpus striatum, thalamus and cerebral corÈex, predilection

sites for the development of malacic lesions. The poor stainíng of the

hippocanpus is corisistenÈ with findings by Buxton (1976) using HRP in mice and

the author concluded Èhat blood vessels in this region do not appear to be very

susceptible to epsílon Èoxin-induced injury.

Summary of tracer studies of the brain

Studíes on the brain wíth HRP and Evans blue dye indicated that there r¡Ias a

considerable leakage of t.hese substances in mlce exposed to epsÍlon toxín; such

exËravasation was absent from control animals. Although no dírect continuiÈy

of HRP could be demonsÈrated ultrastructurally between the luminal and

abluninal aspects of cerebral capillary endothelium it \¡Ias, nevertheless,

proposed that Èhis was the major route by which IIRP escaped from these

vessels. This argument is sustalnable because complete filling of interendothelíal

junctíons has been demonstrated (Hirano et aL 1980), the number of pinocytotic

vesicles in vessels exposed to toxin was insufficient to accortrrt for the amount
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of reaction product found extravascularly and no disruption of the vascular

endothelium r^ras presenÈ to al1ow direct penetration of tracer from the lumen

into extracellular spaces. Since epsilon toxin has a molecular weight of a

simílar order of magnitude as HRP it is probable that this toxín also leaves

cerebral capillaríes beÈween adjacent endothelial cells.

The toxin has been shor^n to bind inítially to receptors on Èhe luminal surface

of cerebral capillaries (Buxton , I976) and induce deleteríous changes in the

endothelium by a mechanisn stil1 to be elucidated.

Capillaríes in the brain of mice were for¡nd to be much less permeable to

macromolecules such as ferrítín with only a few particles penetrating beyond

Èhe basal lamína in affected animals, alÈhough the number of molecules in

veslcles was increased in toxin treated animals compared to conÈrols. It was

considered that vesicular Èransport in micropinocytotic vesicles was the

overwhelmíngly important route for transport of these large molecules as

partícles were never fourd beyond tight jrnctions on the contraluminal side of

widened inÈerendothelial gaps.

Therefore, although the permeabílíty of brain capillaries to smal1

molecular weight tracers was substantially increased, the vascular integrity to

injected macrouolecules was comparatively little irnpaired, malnly as a result

of the paucity of vesicles in cerebral capíllary endothelium and the

ef fect.iveness of tíght jr:nctions between these endothelial cells.
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CHAPTER VII

MORPHOLOGICAL STUDIES OF LUNG, HEART AND KIDNEY

HISTOPATHOLOGY

Mice

In perfusior' f.íxed Lung blood vessels were fully patient, usually ovoid

ín eross secÈion and devoid of erythrocytes. Occasionally a few snaller vessels

contained red blood ce11s whích had not been flushed out and in these areas

extravasation of erythrocytes inÈo alveolar spaces lilas sometimes observed.

Capillaries ürere much more obvious in perfused material with their rotnd, open,

clear lumina. As a result alveolar walls were íncreased in Èhickness. Airways

in perfused lung r^rere more regular in outline with fully open lumina. In

inmersion fixed lung, blood vessels and aírways l¡Iere very irregular in outlíne

and appeared partially collapsed and, in conËrast to perfused materi.al where

alveolar spaces r^rere open and oval ín shape, there was always some degree of

atelectasis. There rras essentiallyno difference beEween pulmonary tissue ín

control and affecÈed mice with the exception that, in the latter, a small

amount of líghtly eosinophilic proteinaceous exudate r^ras presenÈ 1n a few

alveolar spaces.

IrL mAocardium fixed in uiuo by perfusion the muscle fibres had a uriforn

eosinophilia and sarcolemmal membra¡res were well-defined. Irr heart fixed by

immersion, cytoplasmic outlines r¡Iere blurred, striations more difficult to

discern and some fibres showed areas of slight pallor. In affected perfused

mice, many blood vessels \^rere separaÈed from the parenchyma by large clear

spaces, Èhere was minor haemorrhage int.o the interstitium and some muscle fibres
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showed írregular pale areas in which dlscontinuity in the flbre was sometimes

apparent.

In perfused kidrtey glomerular capillary loops were well defined whereas

ín immersion fíxed tissue the capillary walls tended to be obscured by the

erythrocytes ín the lumen. In perfused tissue, the glomerular tufts tended to

be centrally disposed and surrounded by a larger, more uniform Bowmants space

than in immersed Èissue. At low magnification, kidney fixed by iumersion was

compact and cellular whereas perfusion fixed tissue \ras more open due to clear

spaces represenÈing vessel and tubular lumina and Bowmants spaces. I^Iith

perfusion, lumina of proximal convoluted tubules were open and regular in

dimension wíth generally smooth lumínal borders; wiÈh inmerslon fixation these

tubules appearerl slighÈly shrunken with indistinct borders at theír luminal

aspect and irregular, narrowed luminal spaces. In addition, the lumen in

proximal tubules contained irregular strands and clumps of eosínophilic

mat.erial which is an arLifact due to apposítion and detachment of brush borders

caused by consÈriction of the tubules with ímmersion fixation. A few tubules

were also fi1 1ed rtrith proËeinaceous fluid. I,{ith perfusion, tubular lumína were

open and clear and only occasionally contained eosinophilic material. No

differences r^/ere deËected in the kidneys of control and Èoxin-treated mice

fixed by perfusion.

Sheep

Tissues from lambs ìüere imnersíon fixed. In lung examíned fron control

lambs there ¡vas little or no space between the adventltia of blood vessels and

airways an<l the surrourding parenchyna and the pleura was thin and closely

applied Èo the rnderlying pulmonary tissue.
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In intoxicaÈed lamb K2-420, there rras marked pulmonary congestion and many

alveolar spaces were filled with eosinophilic proteinaceous fluid containing

extravasated red cells. MosE vessels and airways r^rere separated frorn the

parenchyma by large spaces which were either clear or fílled wíth proteinaceous

exudaËe ín which the collagenous connective tissue was disrupted. ln these

spaces, lynphatics were markedly dilaÈed and often fílled with eosinophilic

fluid and eryÈhrocytes were plentiful. The pleura was greatly thickened by

accunulations of proteinaceous fluid, ectatic subpleural lynphatics, fílled with

this material, and haemorrhage.

The myocardium showed congestlon, minor haemorrhage ærd mild patchy

myodegeneratíon. Renal blood vessels vrere very congested.

ULTRASTRUCTURAL PATHOLOGY

In control mice, the m?Jocard¿wn in longÍtudinal section showed parallel

bundles of rnyofibrils containíng longiÈudina1ly dísposed myofilamenÈs (Fig.

89). The cross sÈriations seen at the light microscope leve1 had their ultra-

structural cor¡nterpart in the alternating A and I bands, the latter being less

electron dense and crossed by a more dense Z Lire. The inËercalated discs,

which represented jrnctíonal complexes where the cardíac muscle cells were

apposed end-to-end, pursued an irregular course as they crossed each myofibril

in a stepwíse paÈtern beEween adjacenÈ nyofibrils. The sarcoplasn was

represented by an electron lucent space in which were found abr:ndant

mitochondria, cisternae of sarcoplasmic reÈiculum and numerous glycogen granules.
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The mítochondria \^rere arranged in roI¡IS, appeared round or elongaÈed and

contaíned Èightly packed arrays of membranous cristae. The nucleus of the

cardiac muscle cell was elongated and contained evenly dÍspersed chromatín and

a promínent nucleolus. The cytoplasn of the capillary endot.heliurn ¡¿as

moderately electron dense with large numbers of micropinocytoÈic vesicles and

also mitochondria and endoplasmic reticulum. The basal lamina hras amorphous,

moderately electron dense and of r¡niform thickness and was closely apposed to

the surroundlng parenchyma of the myocardium.

In toxín treated mice, nuclear injury in the myocardial cell was reflected

by clumping of chromatin at the períphery of the nucleus. In Èhe nyofibrils,

myofilaments r^rere separated from each other and, in longitudinal section,

there r^rere electron lucent spaces in the nyofibríls wiÈh elther cornpleted loss

of uryofllamenÈs or a few remarì.ts of these structures Èraversi:rg the spaces as

fine, often disconÈinuous stra¡rds (FÍg. 90). In affected hearEs, areas of

apparently normal myocardium could be found. The I bands were enlarged, less

elecÈron dense and irregular at their borders with the A bands. The sarcoplasm

appeared enlarged with greatly swollen sarcoplasmic retículurn and lipld droplets

$/ere sometimes observed; Ëhe latÈer I¡rere rarely seen ín controls. The

mitochondria often appeared swollen with loss of matrix and disorganization of

cristae, in marked contrast. to theír compact arrangement in normal myocardiun

(fig. 91). The capillary endothelium r^ras separated from the parenchyma by very

large electron lucent spaces. The cyÈoplasm of these cells was more electron

lucent, vesicles qrere augmented in number and size and t.here was mitochondrial

swelling. The basal lamina rdas more irregular and less electron dense and in

some sltes appeared to be inËerrupted. Interendothelial spaces rüere partíally

opened at the lumínal and abluminal aspects but tight junctions appeared to

be intact.



74.

Discussion

ScanÈ attention has been given to the effect of epsilon toxin on extracranial

tissues. Gardner (1973) studied the heart in lambs experimentally lnt,oxicaËed

with Type D toxín and found severe endothelial damage of the type descrlbed in

the brain of intoxicated mice in this study. The endothelial cytoplasm was

attenuated, condensed and electron dense. Io contrasË, the cyÈoplasm of

endoÈhelial cells in the myocardium of mice was much more electron lucent than

normal, probably a reflection of inËracellular oedena. In Gardnerrs lambs

there was also severe perivascular oedema wíth separaÈion of nyofibrils and, in

addition, bulging of the sarcolemma between i'}:re Z línes. Mitochondría were

swollen buÈ myofibrils appeared inÈact.

In experimental myocardial ischaemia, early norphological alteratíons

include swelling of the niÈochondria with disruption of crisÈae, enlargement of

the sarcoplasmic reticulum wit.h cisÈernae swellíng into large vesicles,

margination of nuclear chromatin in cardiac cells and promírrent I bands, the

laËter indicating evidence of myofibrillar relaxation due to contractile

impairment. At thís stage myofíbrils appeared íntact (Scarpelli and Trump,

r97r).

Díphtheria is a good example of bacterial toxin-induced myocardial damage

and is a well-recogrized complicatíon of this disease, the toxín apparently

altering protein and fatty acid metabolism in this tissue (Burch et a7,1968).

Burch (1968) studied ultrastructurally the heart of a child who died of

diphtheria on Ëhe eighth day of Ëhe illness and the most strlking change was

ext.ensÍve nitochondrial swelling with disorganízatíort of cristae. Myofibrlls

were danaged and disrupted at scattered foci, leaving empty, structureless,
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pale spaces arid numerous lipid droplets \¡Iere seen in these f ibríls. The sarcoplasmic

reticulum showed no signifícant changes.

Pelosí et aL (1966) examined the effect of diphtheria toxin on Ëhe

myocardíun in guinea pigs and a different paËtern of injury emerged. In acute

poísoning the ulÈrastructural changes were minimal but, with longer survival,

progressive dilatation of the sarcoplasmic reticulum was observed from day 3 to

day 7, modest nyofibrillar damage appeared on day 7 but mitochondrial changes

almost never occured.

In mice, myofibril lar damage r^ras severe with epsílon Èoxin and occured

early compared to diphtheria. Most of the damage appeared to be related

initíal1y Èo perivascular and intracellular oedema with possibly some

contribuËion by ischaemia. The ultrastructural changes in these two

circumstances are similar, except that myofibrils do not show morphological

changes early in ischaemia. A direct effect of the toxin on the myocardial

ce1l, ho¡,qever, cannot be dismissed.

In Èhe Lwtg of mice, attentíon was direcÈed to the alveolar septum which

ís comprised of the inner alveolar lining, the pulmonary capillaries and the

inÈerstitial connective Eissue space. In control h¡'tg, capillary luminal

paÈency r^ras good, though rarely complete, and cytoplasmic organelles

(nitochondria, endoplasmíc reÈiculum and Golgí apparatus) were generally well-

preserved (Fig. 84). The cytoplasm was attenuated, micropinocytotic vesicles

in good supply and tight jr:nctions were evídenÈ in mosÈ sectíons. The basal

lamina was of moderate electron density and where the endotheliurn came into

close conÈact wíth type I cells, Èheir basal laminae appeared to fuse. The

squamous or Èype 1 cell presented wlÈh an attenuated cytoplasm, poor in
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organelles, but containing pinocytotic vesicles and nuclei r^tere rarely seen in

sections. The cuboidal or type 2 cells, on the other hand, possessed a conspicuous

ovoid nucleus. In Èhe cyÈoplasm, mltochondria were numerous wl-Èh endoplasmic

reËículum, a few lysosones, glycogen granules and large, osmíophílic reticulated

lamellar bodies (whích are believed to syntheslze and secrete surfactanÈ) (Fig.

84). Short microvilli were sometimes observed projecÈíng from these type 2

ce1ls into the lumen. In alveolar spaces hrere not rncommonly for:nd irregularly

laminated structures knorør as tubular myelín, whích are Ëhought to be released

into air spaces by extrusíon of the lanellar body. In the ínterstitlal space

were bundles of collagen fibrils and elastic flbres with a fibroblast sometines

discernible.

In toxin Èreated mice, changes in the lutg were mínimal (Fig. 85, 86) and

largely restricted to capillaríes. The cytoplasm in some of these vessels

appeared more electron lucent, mitochondrla were often swollen wíÈh disruption

of cristae (a1so seen in type 2 cells) and vesicles were sometimes increased in

size (Fig. 88). Occasionally, apposition between adjacenÈ endothelial ce1ls

appeared Èo be less close than normal and projections of endothelial cytoplasn

into the lumen, similar but larger than the "blebs" seen Ín cerebral capillaries,

Ì{ere not uncommon. In a f ew lungs f ixed by immersion, capillary lumina r¿ere

irregular and less patent than in perfused materlal and no exuded plasna protein

was fornd.

Sectíons of lung removed from lamb K2-94, r'ùrich died 1 1/4 hours after

toxin administration revealed capillary endothelium whose cytoplasm was reduced

to ãr elecËron dense band (Fig. B7). The nucleus of the endothelial cell was

shrurken and very electron dense. Alveolar spaces contained copious amor¡rts of

fibrin which r¡ras composed of moderaÈely electron dense strands in whlch a fíbríllary

pattern \^ras sometimes discernible (fig. AZ).
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Discus s ion

Gardner (1973) examined hngs from epsilon intoxicated lambs and found

severe capillary endothelial damage with adhesion of thrombocytes, mild swelling

of alveolar epithelial cells, proteinaceous fluid in alveolar spaces and fluid

accumulation in interstitial connective tíssue. Severe capillary endothelial

damage was also found in the lamb examined in the present study and alveolar

spaces contained a fibrín-rich exudate. Pulmonary changes ín similarly

inÈoxicaËed míce, howeverr rùere minimal .

These ult,rastructural findings were consistent with light microscope

observations a¡rd it appeared that pulmonary capillaríes in mice were much less

susceptible than ín sheep and also apparently more resistant to the action of

epsilon toxin than cerebral capillaries. Pulmonary congestion and oedema,

characteristic findings in íntoxicated sheep, vrere very rarely observed in

mice and, wtren present, r¡Iere exceedingly nild.

The role of vesicular transport in pulmonary oedema is still unresolved

buË a frequent observatíon ín the capillary network of the hng is attenuation

of the endothelial cytoplasm which is thinner Ehan the vesicular diameter and

devoid of vesicles. Therefore, if vesicles are íuporÈant for the transport of

substærces across these cel1s, these areas would restrict perrneabiliÈy. It is

generally accepted, however, that when capillary Pressures greatly increase to

about 3 times normal, endothelial junctions in the h:ng wíden and allow easy

access of blood proteins to Èhe interstitial space. At higher pressurers' or

when pressures of the above order are maintained, intersititial oedema is succeeded

by alveolar oedena (Fishnan and Renkin, 1979). Pulmonary endothelíal jrnctlons

are of the so-called "leaky" type, in contradístinction to the much tíghter
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zonulâe occludentes in the cerebral capillaries.

In kídneys removed from conËrol mice, nucleí of proximal convoluted tubule

cells \^rere round Èo oval in shape wíLh dense areas of chromatín and surrounded

by a considerable amount of granular endoplasmic reÈiculum; individual tubule

cells were cuboldal in shape. Mit.ochondria hrere numerous and tended Èo be

vertically oriented in the basal portion of the cell. The cytoplasm also

conÈained pinocytotic vesicles, vacuoles and a number of lysosomes. Long, thin

microvilli were closely packed at the luminal surface, collectively forming the

brush border, Ðd short invaginations of Èhe cell membrane r'Iere present between

the bases of neighbouring microvilli. The basal surface of the cell was deeply

ínvaginated extending up between the nítochondria, but the invagÍnations of

these cells at their lateral borders r¡rere more dífficult to appreciate.

In Èoxin treated nice, the cytoplasm of the proximal tubule cells rüas more

electron lucenÈ with clear spaces almost devoid of organelles or containing vague

outlínes of Èhese structures; mitochondria, however, Ìrere generally well-

preserved (Fig. 94). Degenerative changes Ín the brush border were sometímes

evident (Fig. 95). There appeared Èo be a reduction in the number of lysosomes.

Occasionally, capillaries ín the interstitiuur showed severe endothelial darnage

with the cytoplasm very attenuated and electron dense (Fig. 95).

The renal corpuscles fron control mice were sinllar to previous

descriptions. The glomerular filÈration membrane r¡las composed of the capillary

endotheli-um, the basal lanina and Èhe visceral layer of Bowmanrs capsule. The

endothelial cytoplasm r^ras markedly attenuated and perforaEed by fenestrae. An

occasíonal mesangial cell r¡ras associated with the deep surface of capillaries.
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The epithelial cells or podocytes {^rere composed of highly branched cytoplasrníc

extensions which attached to Èhe capillary basal lamina as fooÈ processes or

pedicels where they inÈerdigitated wlth their fellows formíng slit pores. The

basal lamina was considerably thicker in glomerular capillarles than Ín other

endothelía examined.

The glomeruli from intoxicaÈed mice appeared normal wíth no evidence of

capillary damage (Fig. 93).

Discussion

Gardner (1973) examined kidney from mice ærd lambs exposed Èo epsilon toxin

and for¡nd no detectable differences ulErastructurally between control a¡rd

intoxicated anirnals, except capillaries in the ínterstitium often showed major

endoÈhelial damage.

In Èhís study míld degeneraÈive changes qrere presenE in proxi-mal tubule

epithelium and widespread necrosis of these cells has often been descríbed in

lambs dyÍng of enterotoxaemia, however the latÈer changes should be viewed wiÈh

caution as body temperatures are usually high when death is preceded by

convulsions and the body of sheep is well-insulated, both Èhese conditions engenderln¡

rapid autolysis.

Gardner (1973) examined changes in proximal tubules at the ultrastructural

level in k1&reys left in situ afËer death. Progressive degeneratíve changes

occurred in Èhe epiÈhelium of these tubules with autolysis buÈ changes ín

control lambs were less severe than ín inËoxicated anirnals.
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CIIAPTER VIII

TRACER STUDIES OF LUNG HEART AND KIDNEY

The integrity of the vascular endothelium Èo injected ferritin ín epsilon

inÈoxicated míce (or sheep) has not previously been ínvestigated and since

pathological changes ln these organs consÈíÈute an essential part of enterotoxaemia

as a disease entlty, alÈerations in vascular pentreabllity in Èhese sites were

considered both relevant and importarit.

Materials and Methods

Míce were adminístered a lethal dose of toxin fntraperitoneally and 4 hours

later, 20 ng of ferritin (Calbiochem-Behring Corp.) was injected via a tail

vein. Inimals \Àrere sacrificed 15 minutes post-injectlon of ferritín. Pieces of

tissue r^rere removed from the apical lobe of the 1.-9, left ventricle of the

heart and renal cortexr lmmersion fixed in 2.5% gLutaraldehyde and processed

routinely for electron mícroscopy.

ResulÈs

In cont.rol 1tng, ferritin particles were largely confined to the lumen, a

very sma1l number of particles were seen in large and small vesicles,

occasionally in the basal lamina and a few particles had peneÈrated into the

adjacent alveolar space (Fig. 96). In ltnrg exposed to toxln there was a slight

increase in the number of Èracer parËicles in small and large vesicles but the

disËribuÈion in the basal lamina and alveolar spaces I¡ras similar to control
7

sections (Fig. 9í>.
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The capillary endothelium in control sections of myocardium was

characEerized by numerous vesicles. Many of these large vesicles contained

ferritin particles and tracer ü/as also seen to be traversing the endothelium in

smaller vesicles. In addition, particles htere quite commonly for:nd in the

pericapillary connective tissue (Fig. 98). In intoxicated nice, large vesicles

r¡rere noË rncommonly seen open to the capillary lumen Trith ferritin particles entering

and vesicles at t.he contralumínal side were occasionally observed to be

discharging tTreir contenEs. Tracer partícles were frequently noted in large

and small vesicles in the endotheli-um, \¡Iere more numerous in pericapillary

regions and had penetrated a greater distance from blood vessels compared to

conrrols (Fig. 99).

In sections of glonerulus examined from control mice, ferritin particles

were in high concentratíon in the lumen of capillaries, were commonly seen Lo

be passing through fenestrae of the endotheliun and ïrere rarely present in

cytoplasmlc vesicles. Particles were rather numerous ín the basal lamina but

noticeably concentrated at the side closest to the lumen of Ëhe vessel. A few

particles r^rere seen in the foot processes of the epíthelial layer but were

rarely observed in the capsular space. Glomerular capillaries in toxin treated

mice revealed a similar quantity of ferritin in t.he basal lamína and foot

processes of podocytes but these partlcles vlere more evenly distribuÈed in the

former slte (Fig. 100). Only an occasional particle was present in Bowmamrs

space.

Discussion

Capillaries differ ín theír structural deÈalls from one Èissue to another

These differences primarily affect the endothelial and adventitial layers, which
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may be discontinuous or absent, but the basal lamina generally persists

as an unínÈerrupted layer arrd ís thus the structural feature common Èo this

type of vessel. 3 types of capillaries are gerlerally recognízed: 1) continuous

thick endothelium, the type found in cardiac muscle, and generously provided

with rnicropinocytotíc vesicles; 2) contínuous thin endothelium, present in lrng

and central nervous system, and containing a smaller number of vesicles; 3)

fenestrated thin endothelium, slightly modified in glomerular capillarles where

the majoriËy of fenestratíons are open and not spanned by a thin mernbrane. Only

occasional micropinocytotic vesicles are for¡nd in the endothellal cyt.oplasm.

The distribution of ferritin particles was essentially the same ln

pulmonary and renal capillaries in both control and toxin treaÈed mice, but. the

passage of tracer molecules across capillary endotheliuu in the myocardium

appeared Ëo be enhanced by the exposure of these vessels to epsilon toxin. The

lack of vascular perrneabílíty change found in the h-urg and kidney correlates

with the minimal lighÈ microseope and ultrastructural pathology in these

tissues, whereas lesions rüere consistently present in the heart in toxin

treated mice and appeared Èo be rnainly vessel-related. These observations

however, should also be considered with reference to the larger number of

pínocytotic vesicles present ín the type of endothelium found in the heart and

the fact thaÈ vesicular transport. is considered to be the major route for the

passage of rnacromolecules across endothelia.

The findings in h:ng capillaries r^rere consistent with observatlons nade by

Sctmeeberger and Karnovsky (1971). These authors for:nd that ferrítín particles

srere numerous in the lumen of h:ng capillaries in normal mice, a few particles

hrere seen in pinocytotic vesícles and, rarely, in the basal lamina I hour post-
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inoculation ; ferritin was never for¡nd ín endoÈhelial clef ts.

palade (1961) studied the distribution of micelles of colloidal gold

(ranging from 30 to 250 Ao in dianeter) in rat myoeardial capillaries 60

minutes after injection. Particles were found ín large numbers in the lumen i

ærd in considerably snaller numbers ln endothelium (largely in vesicles), basal lamin¡

and pericapillary spaces. Brurs and Palade (1968) examined the passage of

intravenously administered ferritin across the capillary wall in the muscle of

rat diaphragrn (skeletal muscle has the same type of capillary as nyocardium).

10 minutes after injection a small nurnber of partlcles had reached the adventitla,

Lhey were numerous at this level by 60 mínutes and the amount of ferritin in the

adventitia and pericapilLary areas gradually increased r:nÈí1 , at 24 hours, it

approached the concentration in the lumen.

Farquhar et aL (1961) also used ferritin as a tracer to investígate the

transfer of this substance across the 3 layers of glomerular capillaries in

normal rats, namely the capillary endoËhelium, basal lamina and foot processes

of the visceral epitheliun. 2-15 minutes post-injection, ferritin molecules

were found ín high concenEration in the lumen and fenestrae, aÈ lor¿ concentration

in the basal lamina and ín very small numbers within Èhe epiÈhelium. By I-2

hours, Ëracer particles had accumulated on Èhe luminal side of the basal lamina

and larger numbers were also found in the epit.helíun. These observaÈÍons

paralleled those in thÍs study and suggested that the endothelial fenestrae

offered very little ímpedance to the passage of ferrítín buË the basal lamina

sigrrificantly retarded movement of these particles out of the endothelium. The

fíltration barrier offered by the basal lamina, however, appeared to be
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imperfect because a detectable amount of tracer r^Ias present in the foot

processes of the epithelíum. It is thought that the epithelíum recovers these

leaked particles from the fílt.rate and thus acts as a second line of defence

compensating for any deficiencies in the barrier fr¡nctlon of the basal lamina.

Some disquiet has been expressed abouÈ evidence provided by vascular tracers

on the grounds that during fíxation there must be gradation in the penetraEion

of fixative and therefore vesíc1es are preserved at dífferent levels in the

endothelíal cytoplasm at varying times and ínterpretatíon of tracer transport,

especíally when thís movement is rapid, mây become difficult or even invalid.

In addítion, if labelling occurs ín interstitial space it could be argued that

tracer material initially penetrated the interstítium (presumably at a

different level in the vascular network frorn a particular vessel under consideration)

and was secondarily taken up by vesicles in the endoÈhelium.

Summary of studies of extracraníal tissues

The integrity of capíllaries in the pulmonary alveolar walls and renal

glomerulí of intoxicated mice to ferritin remained largely íntacË but particles

moved quite freely out of capillaries in the myocardium in both conËrol and

treaÈed animals, the passage considerably augrnenËed by exposure to toxin. Leakage

of this tracer j¡r the heart may be partly attributed to the fact that capillaries
l

here are welJ¡'endowed with pinocytotíc vesicles. Extensive perivascular oedema /,,
I

in the ryo""idi.t* and intracellular oedema in the capillary endothelium

probably reflected a direct action of the toxín on these vessels.

Capillaries in the lung and renal corpuscle of toxín-treated mice were

morphologically little affected and ít appears in this species that there is a
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spectrum of susceptibility to epsilon toxín between vessels in different

Ëissues. Cerebral capíllarles seem Èo be partícularly vulnerable, myocardial

vessels to a lesser degree and pulmonary and glomerular capillaries quite

resistanÈ to intoxication; inEertubular capillaries in the kídney, however,

\.ùere occasionally severely affected. In sheep there appears to be a more uniform

response by the mícrovasculature to epsilon toxin as Gardner (1973) for:nd

severe generalized endothelial damage in the brain, heart, lung and renal

interstítiun (glonerular capll laries, however, ÍIere apparently r.rraf fected) in

intoxicated lambs. Capillaries in the brain and lung ín intoxicated lambs

examined in this study also showed degenerative changes of the same type

observed in the brain of affected mice. This species dífference is trnderlined

by the paucity of significanË lesions in visceral organs in mice, with the

exception of the myocardium, and in the heart lesions were only readily

appreciable at the ultrastructural level. ID sheep, gross fíndings of

pulmonary congestion and oedema, üyocardial oedema and haemorrhage

and pericardial effusion are characterístic of the acute clínical dísease

induced by epsilon toxin. Myocardial degeneraÈion in mice, although patchy,

was focally severe in affected fibres ultrastructurally and may contrlbuËe Èo

the demíse of íntoxicated anímals probably due to conduction defects as cardiac

function was not affected to a degree sufficient to result in secondary

pulmonary changes. There was, however, at the ultrastructural level, evidence

to suggest impairment of contractility.
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CHAPTER IX

CLINICAL PATHOLOGY

CLostridiwn penfringens Type D enterotoxaemia ín sheep is associated wíth

a number of alterations in blochemical and haematological parameters (Kellaway
I ¿'-r rtf

et aL I94O; Gordon et aL 1940, Gardner, 1973) and as ¿¡n adjr:nct to morphological

studies it r,rras proposed to investigate these changes in intoxicaÈed sheep and

mice.

Materials a¡rd Methods

Three, 6 month o1d lambs, of rrrknor,m vaccÍnation sEatus, \^rere obtained

frorn SAMCOR and ínjected via a jugular vein with 10 nl of undíluted toxin.

Heparinized venous blood samples were collected at intervals untÍl death for

blood gas analysis and blood was also collected into fluoride - E.D.T.A. for

blood glucose estimaËion and dipotassium - E.D.T.A. for haematological examination.

The following rnethods were used to obtaín these measurements: blood gas

analyses (Corning 168 pH/tslood Gas Analyzer), blood glucose (Calbiochern - Behring

Glucose - S.V.R. reagents), haemoglobin (cyanmethaemoglobin method), haematocrit

(microhaematocrit), total red and white cell cotrtts (Coulter cotrnter) and

plasma proÈeins (refractometer) .

Mice were also subjected to lethal and sublethal doses of toxín and at

varying times post-injection r,\rere decapiËated and blood collected into fluoride

- E.D.T.A. for blood glucose estination.

Li-ver samples r¡rere removed from mice given a lethal dose of toxin a¡rd

sacrificed 4 hours post-ínoculation. These Èissues were immersion fíxed ftt I07"

buffered formalín, routinely prepared for light microscopy and stained wíth
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periodic acid Schiff (PAS) to detect the presence of glycogen. Liver sections

were also pre-Èreated with diasÈase to confírm the presence of glycogen in

control animals.

Results

Lambs rapidly became íncoordinated wiÈh increased respiratory movements

and progressed to recumbency with convulsions, paddling and ophístotonos.

Dyspnoea, pÈyalism and cyanosis ürere pronounced when the anímals were in eætremis.

Death occurred f5-60 mínutes post-injection of toxin.

The alÈerations ín biochemícal and haematological parameters are shown in

Tables 5, 6 artd 7.

A consistent paÈtern was observed in the analysis of blood gases. There

r¡ras a progressive decline in PO2 Ëo less than half the pre-injection level and

PCO2 values rose substantially. The pII showed a r:niform fall in all 3larnbs. The

hydrogen ion concentration íncreased urarkedly while the level of act.ual

bicarbonate declined steadily. There r¡ras a rapid rise in blood glucose levels

to 2 to 3 times the preinoculation value.

Haenatological changes \¡rere more difficult to Ínterpret as alterations in

values were small. There rras a slight rise in the total red cell cowtt and

haernoglobin level in all 3lambs and ær increase Ín the haernaÈocrit in lambs I

atd 2. Lambs I and 2 registered a fall in the total leucocyte corat but this

rüas not. substanÈial. No conslstent pattern was observed in the dífferential

whit.e cell count. There was a minor declíne in the plasrna proteÍn concentraticrn.
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Mice showed a rapid íncrease ín blood glucose levels after exposure to

epsílon toxin to nearly double the normal va1ue.

In control sections of liver sÈained with PAS, the cytoplasm of hepatocytes

was densely packed with magenta coloured granules (Fig. 39). The hepatocytes

were devoid of Èhese granules when pre-treated with diasÈase, confirmíng that

the granules represented glycogen. At 4 hours post-adminístration of toxin,

there was a marked depletion of glycogen and entire acini could be found wíth

only a few liver cells conËaining granules (Fig.40). In other aciní, the

diminution in granules was more patchy w-ith some cells showíng a reduced

concentration of granules and the occasional hepatocyte apparenEly retaining

the full complement of glycogen.

Dis cus sion

Án examination of blood gases ín thís study revealed a significant

and consistenÈ change in all indices. The rise in PC02 due to decreased ventilation

as a result of pulmonary oedema resulted in a respiratory acidosis. If the

acidosis was purely respiratory, however, the HCO3- level would be expected to

increase but, in fact, this value decreased indicating also a major contríbution

by meÈabolic acidosis. Similar results slere recorded by Gardner (L973) who found

sheep with pulrnonary oedema developed high PCO2 values; in the absence of oedema

in the lungs Èhe acídosis was entirely of metabolic origin. It should be noted

that the PCO2 ís higher and the pH lower ln venous blood because i-t contains

Èhe CO2 being carried from the tissues Lo the lungs for excretion.

The outstanding bíochemical findings in sheep dying

are a narked hyperglycaemia and glycosuria (Blood et aL

of acute enterotoxaemia

I979) and sheep
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injected wj-th a 1eËhal dose of epsilon toxin also develop a pronounced

hyperglycaemía, the blood glucose level rnore Èhan doubling in the period

between the onset of clinícal signs and death (Gar&rer, 1973). Elevation of

blood glucose of this order was fotrrd in this study. This alteraËíon ín blood

glucose levels, however, is not trrique to enterotoxaemia and may be found in

sheep dying of other diseases (Blood et aL 1979), but it is a useful

diagrosËic aid when correlated with relevant symptomatology or autopsy

findings. Anegative urine Èest for glucose does not exclude the diagnosis lf

the interval between death and necropsy has been prolonged as glucose 1s

rapÍdly degraded postmortem in t,he urine. The hyperglycaemla results fron a

rapid rnobilizatlon of hepatic glycogen and no Íncrease ín blood glucose occurs

in animals i¡r which glycogen has been depleted from the liver by sÈarvatíon

before intoxication (Gardner , I973). Ilyperglycaemia and glyeosuria are

reported not Èo be a feaÈure of sheep suffering fron FSE (Gay et aL 1975)

Gordon et aL (1940) fotnd in sheep injected with Type D toxin

haemoconcentration with a raised haematocríË value. Some sheep also showed an

elevaÈicrr of the haernoglobin concentraÈion and a decrease in granulocyËes, lynphocyter

and monocytes resulting in leucopenia. Gardner (1973) also examíned

haematological changes ín íntoxicaËed sheep and for:nd a rapid and subsÈantial

rise in haematocrit and haemoglobin levels and haemoconcent,ration was most

uarked in lambs with severe pulmonary oedema. The total whíte cell cowrt rose

slíghtly but only to a degree which reflecÈed the haemoconcent.ration and the :

decline in plasma proteln values was minimal. The rise in haematocrit (in

lambs I and 2) and fall ín plasma proÈein levels in thís study ï{ere small,

possibly a result of the relatívely short inÈerval beÈween intoxicaËion and

death.
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CHAPTER X

DISCUSSION

The early lesions induced in the brain of nice and lanbs by epsilon

toxin were essentially those of oedena, which was more severe in the white

matter. White matter is known to be more susceptible than grey matter to

danage in oedema states (Manz, 1974). The vulnerability of white matter

nay be related to the relative paucity of capillaries and the lack of

extensive anastomorses in this area, predisposing to stasis and oedena;

to the parallel course of rnyelinrated fibres, which is conducive to fluid

spread; or to the greater size of the extracellular space in white matter

cornpared to grey matter, allowing accumulation of larger amounts of fluid

(Bakay and Lee, 1965). This oedema corresponds to Klatzors (1967) class-

ification of vasogenic oederna with extravasation of fluid secondary to

severe endothelial danage. At the ultrastructural 1evel, affected

cerebral capillary endothelium was attenuated, vacuolated and very electron

dense, obscuring organelle detail. It is reasonable to assume that the

progressive development to diffuse cerebral oedena was due to oedernatization

of perivascular tissue first and these perivascular areas rapidly coalesced

with increasing toxin dose, tine or host susceptibility. The originally

swollen white matter cornpressed adjacent veins which in turn raised the

capillary pressure and this capíIlary hypertension 1e{d to exudation or /ì

transudation of plasna into the brain tissue, resulting in oedena in

neighbouring white matter. This now enlarged oedenatous area compressed

even nore vessels at its periphery and in this nanner oedema fluid spread

rapidly fron the initial site of injury. The greater susceptibility of

lanbs to acute epsilon-intoxication may be, in part, related to the fact

that yor;ng aninals (and children) are considered more prone to develop

cerebral oedema than adults (Bakay and Lee, 1965).
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The initial ultrastructural change in toxin-treated nice, which

preceded morphological danage in endothelial ce1ls by a short tine interval,

was swelling of astrocytes and their processes, especially the extensions of

these cel1s investing capillaries. These changes in astrocytes resenble

alterations in this glia1 elenent described by Long et aL (1966) ín human

cerebral oedema and Ishii and Tani (1962) in experirnentally induced brain

oedema in cats. Long et aL (1966) concluded that the first ultrastructural

change in brain oedema was an increase in the size of the perivascular

processes of astrocytes. Capillary endothelial cytoplasmic swelling and

vacuolation occasionally occured at the sane time, but attenuation and

increased electron density of the cytoplasm, seen early in intoxicated nice

in the present study, was not found (these latter changes were also not

observed in the rnodel of cerebral oedema described in the present study).

This suggests that endothelial damage in epsilon-intoxicated brains was not

sinply the result of oedema but probably due to a direct effect of the toxin

on these ce1ls , after binding to specific receptor sites on vascular

endothelium (Buxton, 1976). According to Long et aL (1966) the next

abnornality to become nanifest was enlargement of astrocytic processes

throughout the neuropil and an increase in the extracellular space of the

white matter. If this process continued, there was a further increase in

the volune of astrocytes and other cellu1ar elenents with rupture of unit

membranes and the eventual developnent of frank necrosis. This sequence of

events also occured in the white matter of intoxicated nice and is a

feasible mechanisn for the production of macroscopic nalacic foci in FSE

while not, however, explaining their characteristic topographical distribution.

As in the present study, hypoxic changes in neurones r^rere an insignificant

finding by Long et aL (1966).

In epsilon-intoxicated nice, perivascular end-feet were often greatly

swollen resulting in collapse of the enclosed capitlary. Chiang et aL (1968)
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examined post-ischaemic vascular changes in rabbits ultrastructurally and

formd the most irnportant alteration ü/as swelling of perivascular glia which

appeared to inpinge upon the capillary lumen causing stenosis, thus reducing

the blood f1ow. Blood clotting and platelet thrombosis were not significant

contributing factors to vascular obstruction in their study and they were

rarely observed in the present study. No such reduction in capillary

luninal dianeter has been described in studies of cerebral oedema (Long

et aL, 1966) so it appears that a period of ischaenia nay be a prerequisite

for this vascular change reported by Chiang et aL (1968).

It was proposed by Lindenberg (1955) that any condition causing

increased intracranial pressure may result in secondary ischaenia of the

brain by arterial conpressíon. Cerebral oedema has special significance because

the brain is contained in a non-expandable bony conpartment whose volume

exceeds that of the brain by only 5e" (Garcia et aL, 1930). Thus , ãny sizable

increase in the volume of the brain will be reflected in a reciprocal

decrease in the volume of intravascular blood and cerebrospinal fluid. Since

blood vessels are the only readily conpressible structure in the brain they

are predisposed to collapse whenever another cerebral elenent undergoes a

rapid increase in volume, as occurs in cerebral oedema. The cel1 which

swells so prominently in oedematous conditions is the astrocyte (Hirano,

1980), particularly the processes in intinate contact with cerebral

capillaries, and hence it rnight be anticipated that a reduction in the

dianeter of the capillary lumen could be a sequel to end-feet enlargement.

It has been suggested that the susceptibilíty of astrocytes to intracellular

fluid accumulation is due to the presence of sodium in relatively high

concentration in these glial ce1ls. Under these conditions astrocytes

would swel1 rapidly with inhibition of their vectorial cationic punp

(Manz, 7974) .

The following hypothesis may, therefore, be advanced to explain the
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genesis of nalacic lesions, at least at the ultrastructural level. In

epsilon-intoxicated brains danage to capillary endotheliun results in

increased vascular perrneability leading to a net movement of water and

electrolytes from the extracellular to the intracellular phase and cellular

swelling occurs, being rnost rnarked in the astrocytic end-feet. This novement

of fluid from the blood into perivascular glia leads to stenosis of the cap-

illary lumen, haenoconcentration and stasis. Localized tissue necrosis may

occur in areas where the vascular supply is cornpronised in this manner.

Platelet aggregations, occasionally observed in this study, nay further

contribute to the embarrassment of blood supply to such a region. These

changes ultimately constitute a failure of brain perfusion in a localized

area and Brierley (7977) considered that, in the human brain, the commonest

cause of danage was related to sone failure of perfusion.

In addition to narrowing of luminal dinensions by swollen astrocytic

end-feet, Chiang et aL (1968) also observed endothetial rblebs' which

caused a degree of luminal obstruction. Blebbing was often proninent in

the present study but had probably not reached its fu11 potential as lesions

hlere examined at an early stage and perivascular glia are known to be more

susceptible to hypoxia than endothelial cells (Blackwood and Corsellis , 1976).

Blebbing has also been observed in nany types of cells under a variety of

pathological conditions (and in inproperly fixed tissue) and probably

represents a diffuse type of endothelial swelling resulting in cellu1ar

projections which may present obstruction to flow and, if detachnent from the

endothelium occurs, result in enbolisn.

The central nervous system derives its energy for normal metabolisn

fron the oxidation of glucose. Thus a deficiency of oxygen or glucose will

inpair brain function and lead to irreversible darnage if of sufficient

severity or duration (Brierley, I977). The nost rapid interference with

brain function follows inpairment of the oxygen supply. Anoxic-ischaemic
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changes in the brain all have hypoxia as their final conmon pathway whether it

is produced by hypotension (with or without hypoxaemia), circulatory arrest or

prinary hy¡loxaemia with secondary rnyocardial depression (Brierley et aL, I973).

Brierley et aL (I973) stated that 'no hypothesis purporting to account

for the neuropathology of any type of hypoxia rnerits serious consideration unless

it can offer a reasonable explanation for the pattern of selective vulnera-

bilityr. While the hypothesis outlined above may be formulated fron

ultrastructural changes in intoxicated mice to explain the production of

focal necrotic lesions, it offers no satisfactory explanation for the

distribution of malacic foci found in FSE, and it must be acknowledged that no

convincing argument has been advanced to accormt for the apparent selective

vulnerability of certain regions in the brain in the vast majority of

diseases in animals and man.

The distribution and symnetry of the lesions of FSE are of particular

interest and two najor hypotheses have been advanced to explain the phenomenon

of selective vulnerability in the brain (Blackwood and Corsellis, I976). The

rvascular theoryr of Speilneyer invoked anatomical features such as the

length and tortuosity of a partícular vessel as well as factors such as stasis

and vasospasrn. On the other hand, the concept of tpathoclisis' of Vogt and

Vogt highlighted the role of physicochenical or metabolic properties as a

basis for 1ocal vulnerability. It is probable that both regional circulatory

and metabolic differences underlie the concept of selective vulnerability in

most conditions.

Furthermore, the production of lesions in individual epsilon-intoxicated

mice probably is complex and was reflected in the variable distribution,

severity and occurence of pathological changes in response to a given dose of

toxin. While the blood supply to a particular region in the brain is largely

deternined by the metabolic requirements of dependent tissues, a number of

other factors deterrnine the oxygen tension at a given site. These factors
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include the oxygen tension in arterial blood, the perfusion rate, the rate of

oxygen consunption; and architectural factors such as the intercapillary

distance, capillary length, and the disposition of capillaries with respect to

the tissue being supplied. Vulnerability of a given tissue is also deternined

by the anastomotic network which can be ca1led upon, alternative netabolic

pathways which can be utilized, the leve1 of tissue activity at the tine of

the insult and variatíons in species and indívidual responses to a given

deleterious influence. All these factors nitigate against a rmiforn response

to a given insult.

The anatonical arrangements in the arterial supply to the brain differ

sornewhat between species and nay be a modifying factor in the response of the

brain to changes in perfusion. In the sheep (and ox), blood destined for the

Circle of Wil1is must first traverse a well-developed intracranial carotid

rete. The main source of blood supply to the rete in sheep is from the

external carotid artery, via branches of the internal rnaxillary artery. The

internal carotid is poorly developed in innature sheep and the segment

proxinal to the carotid rete is absent in adults. Furthermore, unlike most

other species, the basilar artery has few connections with the vertebrals

(Baldwin, 1964).

In a consideration of the pathogenetic mechanisms causing nalacic

lesions in intoxicated mice and 1anbs, experiments by Anes et aL (1968), Cantu

and Anes (1969) and Kowada et aL (1968) require attention. These authors

found that when rabbit brain was submitted to periods of ischaenia exceeding

5 ninutes and blood flow was allowed to return, Iocalized areas of brain

failed to reperfuse as assessed by post-ischaemic, intra arterial injection of

a suspension of carbon black. It was apparent that obstruction to blood flow

had developed (the rno-reflowr phenomenon) and entertained the possibility

that irreversible danage to the parenchyma may occur as a secondary response

to ischaemic vascular danage. Vascular obstruction u/as most severe in the
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cerebellrxn, pons and nedulla and caudate, fornix and lenticular nuclei, and

thalamus. The cerebral cortex was rnuch less frequently involved, but

obstruction was often widespread in the cerebellar cortex.

In intoxicated lambs in the present study there was a rapid decline

in blood oxygen levels, due nainly to severe pulmonary congestion and oedema.

This hypoxia could conceivably have lead to further alterations in cardio-

respiratory function resulting in impaired brain perfusion and ischaenic

brain danage by the rnechanism of Ino-reflowr.

Pure hypoxic hypoxia (i.e. reduced arterial oxygen tension with nornal

cerebral blood flow) cannot, however, produce brain damage unaided. Systemic

hypoxaernia produces brain danage via a secondary reduction in perfusion

pressuïe (Brierley, 1977). The initial pure hypoxia gives rise to secondary

inpairnent of circulation and respiration and it is this inhibition of

cardiorespiratory firnction that reduces the tolerance of the brain to hypoxia,

not a dininution of the energy reserves of the brain per se-

Myocardial haemorrhage and oedema, pericardial effusion and severe

puhnonary congestion and oedema in acutely intoxicated lanbs undoubtedly

contributed to cardiorespiratory distress. Electrocardiographic abnormalities

have also been reported in lanbs suffering from acute enterotoxaemia

(Kellaway et aL, 1940; Worthington et aL, L979; Gardner, PhD thesís, 1971).

Myocardíal danage and inpaired contractility were also found at the ultra-

structural 1evel in epsilon-intoxicated nice in the present study. This

cardiac and puhnonary pathology would impair the capacity of the heart to

maintain a high 1evel of blood flow through a cerebral vascular bed initially

fu1ly dilated by hypoxia and inpede the rapid restoration of normal blood

flow should the cardiorespiratory crisis subside.

The cerebral circulation is very efficient in the presence of a well-

naintained systolic blood pressure and flow remains constant despite wide

variations in arterial blood pressure. Within this range, cerebral blood
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flow is kept at a constant leve1 by alterations in cerebrovascular resistance.

This autoregulation depends initially on the ability of brain arterioles to

dilate as perfusion pressure fa11s. With increasing tirne, slower adjustnents

occur which appear to be nediated by netabolic factors such as a reduction in

local oxygen tension and accunulation of carbon dioxide and acid metabolites.

A localized reduction in intraluminal pressure is largely responsible for

dilatation of vessels. Important anastomoses exist between cerebral arteries

of all sizes and when there is a locaLized fal1 in intraluninal pressure,

increased flow occurs from neighbouring collaterals which are at a higher

pressure. When vasodilation is maximal throughout the brain, however,

adjustnents are no longer possible and cerebral blood flow then becomes

linearly related to perfusion pressure. This threshold is at about 50run of

mercury and below this 1eve1 the collateral circulation fails and infarction

results (Meyer and Denny-Brown , 1957; Brierley, 1970) .

In addition to the hypoxia in affected lanbs, there was a severe

respiratory and netabolic acidosis with hypercapnia. These changes probably

contributed to alterations in central nervous tissue as hypercapnia itself

may cause temporary barrier dysfi:nction to a number of tracers and considerable

swelling of astrocytic processes has been demonstrated in hypercapnic hypoxia

with acidosis. Hypercapnic hypoxia has been associated with generalized

brain oedema. Brain tissue swells if exposed to a lowered blood pH of 7.3 to

6. 0. (Manz , L974) .

The validity of the Ino-reflowt phenomenon has, however, been challenged

on a number of grounds. This hypothesis inplies that blood vessels in the

brain are the structures initially vulnerable to ischaenia, whereas neurones

are conventionally accepted as being most sensitive to hypoxia (Levy et aL,

1975). It was assumed by Ames et aL (1968) that the brain parenchyma was

still viable as a whole when blood flow was allowed to return and that

certain areas subsequently became ischaemic (when the interruption of blood
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flow exceeded 5 ninutes) due to 1ocal failure to reperfuse. This assumption

of the survival of brain tissue up to 5 minutes was not supported by

hístopathological exanination of affected brains (Brierley, L973). Salford

et aL (1975) examined brains fron Levine rat nodels of cerebral ischaenia

which had been perfusion fixed irrunediately after exposure to nitrogen for

5 and 15 minutes. Microvacuolation of neurones uras the only norphological

alteration in the neocortex and hippocampus and no alterations in blood

vessels or astrocytes were found. These fíndings are not consistent with the

concept of Ino-ref1owf. Levy et aL (1975) exanined gerbil brains following

unilateral carotid artery occlusion and found irnpaired reperfusion (tno-

reflowr) rateLy occured and, in their opinion, could not therefore be

implicated in the pathogenesis of ischaenic brain danage. Studies with

intravenously injected carbon further suggested that the route of adninistration

nay have been responsible for dífferent Tesults from those obtained by Anes

et aL (1968), who enployed the arterial route. It was considered possible

that carbon black injectíon resulted in intravascular aggregates of particles

that were filtered in the lung after intravenous, but in the brain following

intra arterial injection.

Fina11y, the zones of 'no-reflowr do not conform to the distribution of

lesions found in nost studies of cerebral ischaemia. These zones are also

not directly comparable to areas of predilection in FSE. The regions of the

brain predominently selectively vulnerable to hypoxia are layers 5, 5 and 6

of the cerebral cortex, parts of the hippocanpus and the Purkinje cells of

the cerebellum, with variable involvement of the basal ganglia (Brierley

et aL, 1973). It is therefore unlikely that the phenonenon of fno-reflow'

is central to the pathogenesis of FSE lesions and these lesions cannot be

attributed so1ely to toxin-induced anoxic-ischaernic ce11 danage as the

above pattern of changes r^/as different fron those seen in intoxicated mice.

Ischaemic neuronal change, the common denoninator in all changes resulting in
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cerebral hypoxia, was an unconmon and late alteration in affected regions of

epsil on- intoxicated brains .

No purely vascular hypothesis can explain the vulnerability of certain

cortical laminae, the hippocanpus and cerebellar Purkinje cells to ischaemia-

anoxia (Brierley et al, 1973). The rno-reflowr phenomenon is open to the

sarne criticisn.

The basal ganglia, corpus striatun and thalamus, the regions often

involved in intoxicated brains in this study are, however, quite highly

vulnerable to hypoxia although the occurence of lesions in these areas ín

hypoxic states is variable. The vulnerability of the basal ganglia has been

related to its relatively less rich blood supply, longer arterioles, and

high and continuous rate of metabolisn (Cantu and Anes, 1969). The basal

ganglia are also considered to be supplied by end-arteries (Brierley, L977).

The distribution of lesions in mice in this study was also substantially

different fron the pattern observed in Leviners (1960) nodel of ischaenic-

anoxic encephalopathy in rats induced by carotid ligation and nitrogen or

nitrous oxide adrninistration. The hippocampus rlras the rnost vulnerable area in

Leviners study (fo1lowed by the neocortex, striatun and thalarnus) but the

white matter of the fimbria and alveus often escaped; in intoxicated mice,

nalacic lesions were not uncornmonly found in the fimbria and alveus but the

hippocanpus remained undamaged. The ca1losa1 radiations and anterior

commissures were never affected as isolated structures in Levine t s model but

only with contJ-guous grey natter; in mice focal lesions sonetimes occured in

these sites. Lesions in the corpus callosun in these rats were rare but since

the carotid ligation r4ras unilateral and the callosum is a midline structure,

it nay have suffered 1itt1e or no loss of blood supply. Pulsinelli and

Brierley (1979) found a sinilar pattern of selective vulnerability in their

improved nodel of ischaemia-anoxia. Vulnerable regions were parts of the

hippocampus, layers 5, 5 and 6 of the cerebral cortex and striatum. These
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authors produced transient, bilateral henispheric ischaenia in rats by

permanent occlusion of the vertebral arteries and ligation of the common

carotid arteries. The nodel r¡ras uncomplicated by anaesthesia, systenic

hypoxia or hypotension, without interference with purely cerebral changes

by ischaenic darnage to other organs, especially the heart, which may attend the

latter two situations.

The bilateral symnetry of lesions in FSE is one of the hallrnarks of this

condition. Since oedema in the brain causes increased intracranial pressure

and nay secondarily produce 1oca1 lesions by conpression of arteries (Lindenberg,

1955) , and because the pressure exerted by oedema in this manner is synrnetrical,

it is not surprising that the locaiíon of lesions in this cond-ition l* uf"o ':

symnetrical. It is difficult to explain, however, why other conditions

causing diffuse cerebral oedema and vascular collapse do not also produce

lesions resenbling FSE. There is, nevertheless, some degree of selective

vulnerability, with certain areas more severely involved, in generalízed

cerebral oedema of differing aetiology in nan. In these oedema states

involving the whole brain, for example, the hippocampus is most susceptible

in hy¡roxia-related oedema, the cerebral and cerebellar cortex and basal

ganglia in oedema of heat stroke, and the hypothalanus and cortex are most

vulnerable in oedema resulting from severe burns (Bakay and Lee, 1975).

Lesions were not always, however, bilaterally syrnnetrical or present in

all selectively vulnerable areas in all animals in this study. In this

context, Courville (1958) stated that rin spite of the basic agencies at

work in the production of a given cerebral lesion and regardless of the means

by which it is produced, the pathological effects on the central nervous

system are as remarkable for their diversity as for their complexityt. The

wide variation in the damage produced by cerebral hypoxia, for example,

implies that only some fraction of all selectively vulnerable regions are

involved in any one case and some of the usually danaged territories are
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spared. Damage in the cerebral cortex, which is particularly susceptib

hypoxia, nay range from slight loss of neurones in the third layer to

subtotal destruction in which rennants of the second and fourth layers are

just recognizable.

With respect to the distribution of nalacic lesions, the nature of the

softening per se, in nan, gives litt1e or no indication of aetiology, but the

location and distribution pattem are often of greatest assistance in

identifying a causative factor (Innes and Saunders, 1962).

While no unifying pathogenesis can be advanced to ernbrace all the

cerebral lesions found in intoxicated mice, mechanisms proposed to elç1ain

lesions in other conditions involving some of the same areas are relevant to

the discussion of epsilon-induced lesions. Most of these mechanisms inplicate

vascular factors.

Lesions in the cerebral cortex of intoxicated mice were unlikely to be

due to hypoxia alone as one of the hallnarks of this type of injury to the

brain is laninar cortical necrosis, In toxin-treated mice, cortical lesions

were focal and generally well-circunscribed. It should be emphasized,

however, that destruction of the cerebral cortex in hypoxia is never complete

and within each damaged lamina there rnay be large numbers of norrnal neurones.

The brain is a relatively impoverished tissue in terrns of capillary

density and, in an idealized mid-intercapillary region, doubling the inter-

capillary distance would reduce to ni1 the oxygen tensíon by extending the

oxygen diffusion path length (Bourke et qL, 1980). Astrocytes are in a

potentially strategic location to alter the concentration of blood-borne

solutes and gas to and fron dependent neurones because their processes are

dÍsposed as satellites around neurones and end-feet cover most of the surface

area of capillaries. In oedematous conditions, with astrocytic swe11ing, the

diffusion path length between vessels and neurones may be exceeded in focal

scattered areas of grey matter and result in cortical lesions of the type
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found in this study. Similarly, focal necrosis in the internal granular

layer of the cerebellr.rn rnay be due to the supply of nutrients to these ce1ls

being compromised by early and severe swelling of astrocytes in this region.

The granular layer is nuch more apt to show an oedenatous response to injury

than the molecular layer or Purkinje ce1Is. In hypoxia-related cerebral

oedema, the nost vulnerable cells are those with low oxidative enzymes,

particularly the granule cel1s and astrocytes of the cerebellun (Bakay and

Lee, 1965). These ce11s showed very early and severe changes in intoxicated

mice in the present study. In diffuse cerebral oedena resulting from heat

stroke and fron certain types of radiation injury, these celIs were also

shown to be selectively vulnerable (Bakay and Lee, 1965). These focal

cerebellar lesions in the present study were quite different from cerebellar

danage induced by ischaemia-hypoxia, where the typical rboundary zoner lesion

is triangular with its base at the cortical surface and its apex in the

central white matter (Brierley, I970).

In lower aninals, the cortical grey natter is supplied by copious,

poorly differentiated leptorneningeal anastomoses which are capable of

diverting large quantities of blood and may be responsible for the relative

preservation of this region in intoxicated nice. By contrast, the lepto-

neningeal anastomotic network in the mature human cerebrum is a well-

differentiated system of fragile and inconplete arterial loops which pre-

dispose to 1ocal stasis. In these circumstances, the cortical border zones

of the 5 major cerebral arteries are predilected for ischaemia (De Reuck

et øL, L972), as these territories are most remote from the arterial trunk.

The consistent and often extensive involvernent of the more conpactly

arranged nyelinated fibre tracts such as the corpus callosum, internal

capsule and, to a lesser degree, the anterior conmissures was unexpected as

these tracts are considered to be relatively resistant to the destructive

effects of oedema (Manz, 1974). Furthermore, Jubb and Kennedy (1970) stated
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that the altered permeability of vessels to trypan blue in lambs with acute

enterotoxaemia was diffuse throughout the brain, but the heavily myelinated

tracts such as the corpus callosum and optic tracts were spared. These

tracts also tended not to be stained by Evans blue in toxin-treated mice in

the present study. These findings suggest that necrosis in these tracts may

be due to direct vascular involvement and not sinply the result of passive

accumulation of oedema fluid. The internal capsule, for example, is supplied

by end-arteries (Brierley, 1977).

The hippocampus and substantia nigra are recognízed as regions which

are poorly vascularized (Hicks, 1950) and are comnonly danaged by ischaemic-

anoxic insults. The substantia nigra is a common site for lesions in ovine

FSE (Jubb and Kennedy, 1970) and intoxicated mice sometimes showed malacic

changes in this area. rn intoxicated mice, however, the hippocampus was

undamaged and blood vessels in this region are apparently not very susceptible

to the action of epsilon toxin as Buxton (1976) found the hippocampus to be

almost devoid of reaction product when extravasation of horseradish peroxidase

was diffuse throughout the rest of the brain in nice exposed to this toxin.

fn toxin-treated mice, lesions r4rere conmonly found in paraventricular

areas adjacent to the lateral ventricles. In periventricular leukonalacia

of infancy in man, related to cardiorespiratory stress in the neonatal period,

lesions are similar and consist of bilateral infarcts located in peri-

ventricula'r end-zones adjacent to the external angles of the lateral ventricles

(Abranowicz, L964; De Reuck et aL, rg72). The periventricurar regions in

lower animals and innature hunan brains are predilected for ischaenia as

they derive their main blood supply frorn a system of prinitive penetrating

arteries whose straight and long channels have few collaterals and no true

anastomoses and are, therefore, essentíally end-arteries (De Reuck et aL, Ig72).

In a review of 15 cases of this neonatal condition, De Reuck et aL

(7972) found one case where the periventricular lesions involved imnediately
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subjacent portions of thalamus and lenticular nuclei and, in another case,

the basal ganglia, all regions colilnonly incriminated in intoxicated rnice.

Abranowicz (7964) used the cat as an experinental model for this condition

because its cerebral vascular structure closely resenbles that seen in

the human foetus in the last months of gestation and produced sinilar

lesions to the human disease by ligation of the basilar artery, together with

one or both carotid arteries. Sone infarcts were also produced in the internal

capsule at the level of the caudate nucleus and in the corpus callosum and

callosal radiations, again predilection sites in nice. The presence of

numerous foci of liquefaction necrosis in these cats supported the role of

vascular factors in the genesis of the lesions.

Bilaterally syrnrnetrical malacic lesions u/ere conmonly for-rrd in the

vestibular area of intoxicated mice. Microscopic haemorrhages are sometimes

found in the vestibular nuclei in Wernickers encephalopathy in nan (attributed

to thianine deficiency) but the pathogenesis of this syndrome is unclear.

Focal capillary haernorrhage was often found in early lesions in epsilon-

treated mice. Vascular changes are usually regarded as the prirnary lesion in

Wernicke's syndrorne followed by secondary degeneration of neuïones (Blackwood

and Corsellis, I976). Bilateral-ly syrunetrical lesions occur in the medial

vestibular nuclei, among other sites, in Chastekrs paralysis of carnivores.

This condition is due also to thiamine deficiency and has been compared to

Wernickers s1'ndrome in man. The pathogenesis of lesions in carnivores in

sequence is oedema, vascular dilation, haemorrhage and necrosis (Jubb and

Kennedy, 1970), similar to the progression of events seen in epsilon-

intoxicated nice, but an explanation for the topographical distribution of

lesions in Chastekrs paralysis has not been forthconing.

In additíon to FSE, there are several other disease entities in

animals where rnalacic lesions in the brain are bilaterally syrunetrical and

in which vascular factors have been implicated in the pathogenesis. In



105.

polioencephalomalacia (PEM) of sheep and cattle, associated with thiamine

deficiency, the initial change is a diffuse cerebral oedema (as occurs

early in epsilon-intoxicated brains), which proceeds to bilateral larninar

necrosis in the cerebral cortex and, less frequently, bilaterally synmetrical

malacic foci in the thalanus, lateral geniculate bodies, basal ganglia and

anterior and posterior col1icu1i. The cause of the oedema in PEM is trnknown

but the resulting lesions appear to be related to interference with cerebral

circulation as the distribution of the laminar cortical necrosis comesponds

to the bor.urdary zone of the niddle cerebral artery. Furthermore, when the

cerebral oedema is severe resulting in tentorial herniation, compression of

the posterior cerebral artery rnay occur with additional cortical lesions in

the boundary zone of this vessel (Jubb and Kennedy, 1970).

In focal syrunetrical spinal polionalacia of sheep, lesions are

bilaterally syrnrnetrical and restricted to the ventral grey natter of the

spinal cord. The lesion is consístent with an obstruction of the ventral

spinal artery (Jubb and Kennedy, 1970). BilateraTly synmetrical malacic

lesions have been found in the globus pallidus and substantia nigra of

horses in California fo1lowíng ingestion of the plant, Centaurea soLstitiaLis,

but the pathogenesis of this condition is unknown (Innes and Saunders, 1962).

ft was considered that nalacic lesions in this study were caused

prinarily by toxin-induced vascular changes but the possibility of a direct

effect of epsilon toxin on the brain parenchyma has not been investigated and

cannot, therefore, be dismissed.

Hicks (1950) investigated netabolic aspects of cerebral lesions

induced experimentally with a number of cornpounds and suggested that

different parts of the brain possess qualitative and quantitative differences

in netabolisn. This author considered that the vascular supply to a given

region was only partially responsible for its vulnerability because the

cerebral cortex, for example, which has a rich blood supply, is easily
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damaged by hypoxia (this region does, however, have greater metabolic needs).

White matter has about 20% of. the capillary length per unit volune of tissue

cornpared to cerebral cortical grey matter (Hicks, 1950).

Hicks (1950) produced bilaterally synmetrical lesions in the coïpus

striatum (especially the white matter), corpus callosurn and cerebral cortex,

with a tendency to destruction of white matter, by the administration of

cyanide and sodiun azide to rats. These areas corunonly were damaged in

intoxicated nice in this study. Hicks attributed white matter damage to

inhibition of cytochrome oxidase by these compornds. White rnatter has a

paucity of this enzyme but is heavily dependent upon it for its energy

production. Sodiun azide, however, also causes a rapid fa11 in systenic

blood pressure and therefore, in some of the above lesions, hytrlotension rnay

have been a contributing factor (Blackwood and corsellis , 1976).

Carbon rnonoxide causes both a hypoxic and histotoxic hypoxia, the

latter due to inhibition of cytochrome oxidase. rn acute poisoning,

haemorrhages occur which rnay be petechial, with an affinity for white matter

(especially the corpus callosum), or diffuse and less well-defined in

distribution. Darnage to white matter is a common and proninent sequel to

carbon monoxide poisoning. Myelin destruction in the corpus callosum nay be

focal or diffuse, the latter showing a rbutterfly-1iker distribution in

coronal section (Blackwood and Corsellis , rg76), sinilar to extensive

destruction of the callosum often seen in epsilon-intoxicated nice. The action

of epsilon toxin at the biochenical 1eve1 has, however, been 1itt1e studied.

The precise pathogenetic nechani-srns giving rise to specific disease

entities in the brain are often complex and underline the paucity of knowledge

in many areas of neuropathology. This study has advanced a hypothesis for the

developnent of necrosis based upon observations ín the early stages of

intoxication at the ultrastTuctural level, but a cogent explanation for the

topographical distribution of nalacic foci at the light microscope 1evel was
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not possible. The nechanisns proposed for the development of ¡nalacic lesions

in some of these areas in other conditions were exanined and may provide a

partial explanation of lesions in individual sites, but do not enconpass the

ful1 range of lesions induced by epsilon toxin.

Mice were found to be of considerable value in the study of the

neurotoxic effects of epsilon toxin and both the nature and distribution of

nalacic lesions l{ere comparable with those observed in sheep with FSE. Mice

are, therefore, a useful nodel for the ovine disease.
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SI]MMARY

Lethal and sublethal doses of epsilon toxin prepared from filÈrates of

broth cultures of CLostridium perfringens Type D were admínistered to mice and

sheep. Their brains I^rere examined by light and electron microscopy after

varyÍng intervals post-inoculatlon. Both perfuslon and immersion fixaÈion

techníques htere employed.

The earliest change in Èhe brain of rúce exposed Èo epsilon toxin was

increased vascular permeability leading Eo vasogeníc oedema. The initial

ultrastructural finding was swelling of astrocytes and their processes, notably

Èhe perivascular extensions of these cells, and this alteration imparted a

spongy appearance to the neuropil at the light rnícroscope level. Marked

swelling of astrocytic end-feet sometimes caused stenosis of some capillary

lumlna. Swelling of astrocytes in the cerebellum was promi-nent aÈ this stage

and Èhe cerebellar granular layer may be the area where necrotic foci are first

manifest. Capillary haemorrhage and exudation of eopious amounts of plasma

proteln was assoclated \Àtith the oedema in some areas. Morphological evidence of

severe danage to the capillary endothelium closely followed astrocytic swelling

with the endothelial cytoplasn becoming attenuated, vacuolated and very electron

dense. "Blebs" of endothelial cytoplasm often projecËed inÈo the lumen of

affected vessels contributing to luminal obstruction. Axonal swelling with

separation of myelin lamellae and a moderate increase in the size of the

exEracellular space in the white matter also occured relatÍvely early in the

disease process. Neuronal degeneration appeared to be secondary t.o

oedematizaÈion of the neuropil.

In rn-ice whích survived the acute lntoxication or were subacutely affected

the oedema sometimes progressed to frank necrosís. The lesions were focal in

nature and usually bilaÈerally syrnmetrfcal. A pathogeneÈic sequence of events

leading to malacia, derived from ultrastrucÈural observations, is proposed and

possible mechanisms r¿hich could be invoked to explain the topographical

distribution of the lesions are discussed. These necrotic foci were eventually
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invaded by macrophages, becorning compound granular corpuscles with ingestion of

myelín debris, and capillaries leading to resolution by astrocytic scarri_ng.

The distribution of malacic foci in mice closely resembled those found. in

naturally occuríng cases of ovi-ne focal s5mrmeÈrical encephalomalacia, and the

early changes ln the brain of experimentally intoxicated. Iambs were similar Ëo

t.hose described ín mice.

The Íntegrity of cerebral vessels to nacromolecules such as ferritin

remained largely unchanged, buÈ widespread leakage of snaller vascular tracers

such as horseradish peroxidase and Evans blue into the brain of intoxicated rni ce

occured, confirming the alteration in vascular permeabiliÈy in many affected

areas. Ifor,Iever, increased permeability of vessels was mínimaI 6t absenË in the

hippocarnpus and heavily myelinated fibre tracts, where malacíc lesions were also

det.ected.

Histological and ultrastructural changes ln the lung and kidney of

intoxi-cated mice were minimal buÈ severe myocardial darnage was sometimes

observed when the heart was examined electron uicroscopically. It appears that

murlne cerebral vessels are more susceptible to the action of epsilon toxin as

evidence of endothelial damage of the type found in the brain was usually

lacking in vlsceral organs. Tracer studies with ferritin indicated liËtle

change i-n the integrity of pulmonary and glomerular vessels in mice to this

large molecular weight protein but transendothelfal movenent of tracer materlal

I,fas augmented in mi cropinocytotic vesieles of myocardial vessels exposed to

epsilon toxin. Severe endothelial degeneratlon Tdas present in lungs examined

from intoxicated larnbs and evidence from this and other studies suggests that,

while capillary damage appears to be generalized in sheep, there appears to be a

range of susceptibility of blood vessels in different organs in mí ce to epsilon

toxin. Cerebral vessels in the latter species are espectally vulnerable.

The prorninent blochemical alterations in blood from intoxicaÈed lanbs were

a respiratory and meËabollc acidosis \.rith a marked elevation of blood glucose.
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TABLE 1

ASSAY FOR EPSILON ANTITOXIN IN SERI.J},I OF LAMBS

Lanb identification Antitoxin titre

K2-

K2-

K2-

K2-

K2-

K2-

K2-

K2-

K2-

t26

t47

274

314

387

460

558

643

663

> 32.0 ¡t/nl.
2.0 rt

8.0 r?

> 32.0 n

9.0 il

4.0 il

16. 0 '?

32.0 'r

32.0 rr
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TABLE 2

CLOSTRIDIUM PERFRINGENS TOXINS

TYPE alpha beta epsilon iota

A

B

c

++

++

+

++

++

+D ++

E + ++

++

+

produced as the predominant toxic fraction

produced in smaller quantities

not produced
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TABLE 5

RESPONSE OF LAMBS TO EPSILON TOXIN

Lamb
identification

Age
(days)

Toxin dose
(m1s)

Tine of death
post - inocul at ion

(hrs)

K2-704

K2-94

K2 - 100

K2-420

K2-98

K2-93

K2-96

K2-97

7,7

8.5

5.9

7.s
8.0

t6
16

t6
6

76

16

L6

16

Control
5

10

0.5

20'"

25*

25*

25*

undiluted
undiluted

L/L0

undiluted
undiluted
undiluted
undiluted

7.2

L.25

0. 08

3.00

5. 50

6.00

6.00

6.50

3.7

5.5

* adninistered in divided doses
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TABLE 4

DISTRIBUTION AI,ID SEVERITY OF BRAIN LESIONS IN MICE

MTILÎIPLE SUBLETHAT DOSES

OF TOXIN ADMINISTERED
SINGLE SUBLETTIAL DOSE

OF TOXIN ADMINISÎERED

GRADED j:
SEVERIIY
OF LESIONS

+ ++ +++

NT]MBERS OF

AITI}ÍALS
AFFECTED

t4

r3

t4

6

6

t4

il

GRADED

SEVERIlÏ
OF LESIONS

NTNúBERS OF
AI{IMAIS
AFFECTED

+ ++ +++

Cerebral cortex

Corpus callosum

Corpus striatum

Thalamus

Paraventricular
area of lateral
ventricles

Vestibular area

Corpus medullare
cerebelli

Granular layer
of cerebellum

Substantia nigra

AnteriOr CottttniSSure

Number 'of animals
injected

94t 3 3

436

293

4tl

77
46r

5l

22

60

54

I 2

t4

2

30

732
Number of animals

with lesions

Degree of severity of lesions: + minimal¡ ++ moderate; +++ severe

+ = mild vacuolation of the neuropil..and macroglial reaction

++ = moderate vacuolation with necrosis of a few glial cells

+++ = severe vacuolation wíth necrosis of most glíal elenents



AL

Lanb Time fron
No. toxin

adninistration
(Minutes¡

0

60

0

30

45

ó0

3

TABI.E 5

OF EPSILON TOXIN T0 LAI'{BS

Poz
(m Hg)

37

l6

43

59

23

l8

pH

7 .39

6.90

7.37

7.38

7.r9
7.03

7.42

7 .r9

41

t26

42

42

64

92

Hg)
PC02
(nn

H+Ion conc.
(Nr.roLlr)

Actual
HC03-
(lior/L)

Blood
Glucose
(I$OLIL)

6.7

t2.8

5.5

9.7

13.9

12.4

s
rt
rl

1

2

39

80

24

1ó

28

23

20

16

49

44

50

62

24

20

38

64

46

2l
0

15

37

55

4.8

7.7



TABLE 6

ALTERATION IN HAEMATOLOGICAL VALI,JES IN IAI,IBS FOTLOWING

EPSILON TOXIN ADMINISTRATION

RBC HbLanb
No.

1

2

3

9.2

10. I

9.4

11.1

10.0

L2.O

32.0

32.0

32.0

33.0

34.0

30.0

27.0

29.0

Ti¡ne fron
toxin
adninistration
(nins . )

0

ó0

0

30

45

ó0

0

15

x1o6/mn3 eo

PCV

%

29.0

35.0

31.s

38.5

37 .0

33. 0

MCV

u3

MCHC

34.3

34.0

32.4

37 .6

30.6

29.7

90

TotaI
tl¡Bc

xlo 3/n¡n3

Neutro-
phils

%

Lyrpho-
cytes

%

Mono-
cytes

4

Eosino-
phils

%

Plasma
Protein

gn%

34.5 5.5

34 ¿3 3.7

30 70

4L 53

42

s7

32

77

7.0

6.5

6.1

7.3

5.8

5.8

2 L2.0

11 .9

5

34

I

10

LÔ.{.{

10. 1

11 .6

11 .0

11.1

10.8

13.1

L2.4

L2.4

só

55

42

67

t2.2

9.8

7.6

8.0

3 20

5.8 7

3

I

1

7

9

8 55.0

5 32.0

15

93

I
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TABLE 7

BLOOD GLUCOSE LEVELS IN INTOXICATED MICE

a TOXIN
DOSE

TII{E FROM TOXIN
ADMINISTRATION

(HouRS)

BLOOD GLUCOSE
(MMoL/L)

Control

Control

Lethal

Lethal

Lethal

Lethal

Sublethal

Sublethal

Sublethal

0

0

u

h

2

1

2

4

4

8.83

8.92

16.78

T8.7I

15.36

15.60

15.39

16. s0

L7 .03

I
I

I

ì

I

I

I
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ILLUSTRATIONS



Figure 1. Coronal section of mouee brain. 24 hou¡a poat-

inoculation. Malacic foci in corpus calloeun, area

lateral to th¿ lateral vantricle and thalanus. (c--.oss)

H&ExI0.

Coronal saction of nouae brain. 24 houra port-

inoculation. Bilaterally synmatrical l¿sions Ln

corput callosun, paraventricular erea, corpus atriatum,

thalanuc, fimbria of tha hippocanpus and focal la¡ion in

th¡ cc¡cb¡al cortex. (o---ows)

H&Exl0.

,

Figurc 2.
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ilr'-gure 2..



Flgure 3.,

Figurc 4. Coronal ¡sction of nouas brain. ?4 hours poat-

inoculation. EíIatcrally l¡nrmatrical nalacic focl

I'n vcatibuler arsa. (a*o*s¡

H&Ex10.

Nornal nouse brain. CoronaÌ ¡ection showing

dlstribution of heavity myclinated flbre tracta. (a*-o*s)

Compare wíth distribution of leaionl in Fig.2.

Luxol faet bluc x I0.
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Figure 5.
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Figure 7.

Figure 8. Coronal section of nouse brain. 24 hours post-

inoculation. Necrosis in corpus nedullare cerebelli

and vestibular area. (a--o*rs)

H&E x 10.

Coronal section of mouse brain. 56 hours post-

inoculation. Extensive liquefaction necrosis in corpus

callosun and bilaterally synnetrical nalacic foci in

corpus striatum, thalamus and finbria of the hippocampus. (a---c>*=-¡

H6E x 10.
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Figure 9.

Figure 10.

Coronal section of mouse brain, 24 hours post-

inoculation,. Necrotic foci in caudate nucleus and

putamen, corpus callosun and anterior corunissures. (a-vvou:=)

HGE x 10.

Coronal section of rnouse brain. l-B hours post-

inoculation. MaLacic lesions in callosaL radiations,

caudate nucleus¡ putarnen, claust:run and anterior

commissure. (c^*-r-s)

HôE x 10.
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Figures 77 tr 72. Control mouse. Cerebral cortex' Perfusion

fixation showing neuronal preservation and

close apposition of capiLlary endothelium to

the surrounding neuroPil.

H&E x 200.



ll+ .
Fígutø ).{ Ioxin t¡cated nous¿. Corpus calloeun. 2 hours

, post-inoculation. Earty vEcuola¡ appcaranca of

sPongy changa ín thc neuroPil.

H&Ex10O.

r3
Flg'"e ).(. Toxin traatcd lamb. Cc¡ab¡al co¡tax. I hour poet-

inoculation. Mark¡d cnlargancnt of parivaseular apacaa'

Ht'Ex200.
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Figure 15.

Figure 16.

Toxin treated nouse. Paraventricular anea- 4 hours

post-inoculation. Vacuolation of neuropil with lacy

appearance of separated fibres. A few pyknotic

astrocytic nuclei.

HËE x 100.

Toxin treated mouse. Cerebral cortex. 6 hours post-

inoculation. Focal atea of severe vacuolation.

Neurones general.Ly well preserved.

HÊE x 100.
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Figure 17. Toxin treated mouse. Corpus callosun. 18 hours post-

inoculation. Accunulation of copious plasnra exudate in

white matter with necrosis of nany glial elenents.

H&E x 50.

Figure 18. Toxin treated mouse. corpus callosr¡n. 6 hours post-

inoculation. Oedenatous white matter with extensive

caPil larY haemorrhage.

H&E x 100.



Figure 19"
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Figure 19.

Figure 20.

Toxin treated mouse. 18 hours post-inoculation.

Vestibular area. Vacuolation of neuropil, necrosis

of glial cells and nurnerous swollen degenerating

axons (arrows).

H6E x 100.

Toxin treated mouse. Corpus striatu¡n. L2 hours post-

inocuLation. Status spongiosus of white natter and rnild

vacuolar degeneration of neurones.

H&E x 100.
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Figure 21. Toxin treated mouse. 24 hours post-inoculation.

Focal area of malacia in area lateral to lateral

ventricle.

H&E x 50.

Figure 22. Toxin treated mouse. 12 hours post-inoculation. Focal

necrosis in granule cell layer of the cerebellum. (or-'-o*')

H&E x 50.



rigu"" zl. Toxin trsated nousG . 24 hourE post-inoculation. Focal

'lcsion in the cerebral cortex showing vecuolation of thc

. ncuropl'I and neuronal necrogLs'

H&Ex20.

Figura 24. Toxin treatcd nouac. 24 hours poat-inoculatlon.

ilecroeia of largc area of corPut calloaun' (a*o'*.j')

H&E x2O.
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Figure25.Toxintreatednouse.Vestibularalea.lShourspost.
inoculation' Vacuolation corresponding to nyelin loss

and fragnents of axonal debris in large vacuoles

(digestion cha¡nbers) (arrows) ' A few gitter cells present

and early peripheral capillary invasion'

H6E x 100.

Figure 26. Toxin treated mouse' 18 hours Post-inoculation'

vestÌbuIaÎ area. Lower nagnificatÍon of Figure 25'

Circunscribed focus of early nalacia'

H&E x 50'
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Figura 27.

Figurc 28.

a

Toxin trcat¿d nouaÊ. ParavcntrLculer etea. 7 days Post-

inoculatlon. Markcd astrocytic proliferation and

numoroua gittcr call¡.

H&Ex100.

Toxl.n trcatsd mouat. Vcstibulst trta. l8 hou¡s poet-

Lnoculatlon. Vacuolatíon of tha n¡uropil dua to

cxteneLva nyclLn loaa ln voctibuls¡ tracta.

H&ExI00.
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FtEuic 29. Toxín traatad nouse. Antsrior comnls.ute. ? dayc post-

r inoculation. Sinilar changee to Figure 27' (a'wo.-:)

&Ex100.

Fígurt 30. Toxin troated noutc, corPug callotun. 7 dayc PoEt-

inoeu.Lation. Halacic araa containíng conPqund granular

corpusclca (gittar callc) and proll'fcrating aot¡ocytct' (c--o*:)

H&ExI00.







Figure 31.

Figure 52.

Toxin treated mouse. Thalamus. 10 days post-

inoculation. Organizing necrotic focus showing

intense astrogliosis and capillary invasion.

H€E x 50.

Toxin treated nouse. Corpus callosun. 7 days post-

inoculation. Higher magnification of Figure 30.

Numerous gitter cells (arrows) with foany, lipid-laden

cytoplasm and astrocYtes.

H&E x 200.



Fisuic 33. control nou8c. coronal aectíon of brain injccted with

HRP. Raaction product confin¿d rithin ccr¿bral

vagculaturs '
HaematoxylLn x 10.

Toxin treatsd nouar. Coronal section of braLn injcctad

rith HRP. Ilíffucc lcakaga of reaction productt

capeciallyinthethalanicragionandcorpuacallocun.

l{acnatoxYlLn x 10.

a

Ff.gura 34.
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Figure 55. Toxin treated mouse. Frozen section of brain injected

with HRP showing escape of reaction product from

capillaries (arrows).

x 200.

Toxin treated mouse. Frozen section of brain injected

with HRP. Dense perivascular accumulation of reaction

product and lighter diffuse staining of the parenchyna.

x 200.
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Figurl¡ 3?. Cont¡ol moust. Coronal section of brain inJcctad with

,Evans blua. There is no evidence of dyc axtravasation-

Figurc 38. Toxin trcatsd nousG. Coronal sectl.on of bral'n inJcctad

with Evans blua. Extcnsivc cxtrava¡ation of dyc in

rcgion of thalanue and colPus st¡iatun and focal eteat

of ccrabral co¡t¡x. Notc th¿ ralative sparing of thc

hippocanrpus end lerge white nattc¡ tracte.
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Figure 59. Control mouse. LiVer. Hepatocytes showing densely packed

glycogen granules in the cytoplasn'

P.A.S. x 200.

Figure40.Toxintreatedmouse.Liver.4hourspost-inoculation

Hepatocytes in periacinar zone show marked depletion

of glycogen.

P.A.S. x 200.



ALL TISSUES FOR ULTRASTRUCTURAL EXAMINATION I./ERE

PERFUSION FIXED IN VIVO UNLESS OTHERWISE INDICATED.

Figurc 41. Control nou!¿. Csrebral cortEx. Thc neuropil is

,conpact with clost apPosition of thc capillary basal

lamina to the eur¡oundtng pslanchyma.

x I0r250.

Figurc -42. Control nouat. Ccrebral cort¿x. Vcry nild focal

aatrocytic cnd-foot ¡welling (arrow) and a fex

cytoplaanic iblabai proJactl'ng into th¡ vagssl lunsn.

x 6165.





Figure 43.

t

Control nouae. Cerebral cortex' Immersion fixation'

Artifactual swelling of astrocytic end-fcct around

capillariae and of astrocytc call bodics and their

proceaaes in thc ncuropil. In tha andothalial

cytoplasm, mitochondrial ewelling ia evident with loss

of intarnal Etructure (arrows) '

x 5330.

FLgura 44. contror nousr. cerebarrun. purkinJc ccrr, astrocytca

and granule cells art shoÙrn with mild swelling of

aatrocytíc proctssta around thc PurkinJc call'

x I0'250.





Figura 45. control mousa. corpue calloaun. Focal eaparation of

'nyelin lamallaa in many myelinatad axons (arrows) and

,- en oligodcndrocYta is Prccent'

x 6765.

Flgurc 46. Toxl.n traatcd nou3s. cercballun. 30 ninutee poat-

inoculstion. Srclling of protoplaEmic aatrocytas and

granulaca.Ilsrithrennantsofcytoplasmícorgancllac

(arrow) '

x 6765'
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Figure 47. Toxin t¡eatad nous". cereb¡al cortex. 30 ninutaE poat-

, inocuration. swerring of astrocytic end-feet (arroxs)

and adjac¿nt astrocyte ccII bodies.

x 10r250.

Figurc 48. Toxin trcatad mouas. ca¡¿brar co¡tex. 30 nínutec poat-

inocuLation- sevara actrocytic and-fsat ewsrring with

rupture of ccrl nambrance and discorution of cytoprasníc

organallcs and collapsc of thc capillary. The pcriphcral

bacal lanina of the vcsscl is danarcatcd by arro¡úa.

x 10,250.
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Figura 49.

Ff.gurc 50.

Toxin traated mouBE. Cerebgllun. I hour post-

á.noculetion. Swalling of aetrocytea with loes of

eytoplasmic organellas.leaving b¡hind claar ePacaa'

x 5330.

Toxin treatcd mouse. Ce¡sbral cortcx' I hour poet-

inoculation. Tha capillary cndothslial cytoplasnr is

highly condenead aa ahorn by increascd alactron oPaclty

and attanuated and vacuolatcd. Ssvarc cnd-faet ewclling ia

avident wíth a snall accumulatlon of proteinaceoua

exudata in the paricapillary ragion (arrow) '

x I0'250.
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Figura 51.

Figure 52.

Toxin traatad mouse. Cerebral cortex. I hour post-

. inoculation. Harked distensíon of end-feet and

collapsc of the capillary. The electron densíty of thc

endothelial cytoplasm obscurÊ3 organelle dctail'

x 4100.

Toxin treatad mouar. Carebellum. 3 houra post-

Lnoculation. Enhanced attcnuation and elgctron-

density of the capillary cndothalium. Thc cndothalial

nucleuc is pyknotic but part of thc paricyta nucleus

shoHn appeals nornal. Nume¡oua granulc calls ar! praacnt'

x 5330.
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Figure 53. Toxin tr¿ated nou8e. cerebellum. 3 hours post-

, inoculation. Swelling of astrocytes and granule celle '

hs Purkinje cetl (arrow) aPpears relatively nornal.

x 4100.

Figure 54. Toxin t¡sated mouar. Cerebcllum. 3 hours post-

inoculation. t4arkad awclling of granule cclls wl'th los¡

of organettg datail and ccllular outlincs. conparc vLth

Figura44.Acapilleryshorraandark"cndothclialccll.

x 5330.





Figura 55. Toxin trsatcd mouac. cersballum. 3 hours post-

r inocu-l-ation. The capillary cndotheliun is vcry elact¡on

ense and vacuolated, Endothelial ñbltbbingi ia

Prominent.

x I0r250.

Figura 56. Toxin traatcd mousË. Ccrcbcllum. 3 houra poat-

inoculation. SwellLng of astrocytcs with ramnants of

cytoplasnic organcllcc and indistinct plasma nambrancs.

x 6765.
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Figure 57. Toxin treated moust. Cersballum. 4 hours post-

t inoeulation. Marked astrocytic swelfing with an

oxpandad elcctron luc¿nt cytoplasm, alnost devoid of

organclles. The Parts of Purkinja cclla shown ePPaar

IargaIY unaffccted.

x I0'250.

Figure 58. Toxl.n traatad rnoust. C¿reballun. 4 houre Post-

lnoculatlon, Lower nragnification of a aínilar ar¡a to

Figurc 5? ahowing marked cwalling of astrocytca.

x 5330.
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Figure 59.

Figure 60.

Toxin treated mouse. Cerebellum. 4 houre post-

rinoculation. Scvare endothelial degeneration but

astrocytic end-fcet enlargemcnt ic nininal. Numeroua

granula cells are presant.

x 13r530.

Toxin trcated mouEr. Earabellurn. 2 hourq poet-

inoculatl.on. Markcd astrocytic awclling rith ighoattr

outlincs of cytoplaemic organaller. Thc Pu¡klnJc call

(arrow) appÊera nornal.

x 4100.
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Figuie 6I. Toxin treatcd rnous¿. Cerebellum' 6 hours post-

, inoculation. The capillary endotheliun is electron dengc

with markad perivascular end-feat swelling (arrow).

Swel}ingofastrocytesandaatrocyticProcesaesaround

aPurkinjecell.GranulecellsapP"arrelativelynornal.

x 5330.

Figurc 62. Toxin tr¿atsd mousa. carebral cortcx. 24 hourc Post-

inoculation. MiId awclling of ccllular ÊIcntntg in th¿

ncuropil and perivascular ¿xtcnsionc of astrocytes' Ths

capillary lunen aPPÉarB collapead only wherc foot

procesc¿a arc vÉry distended (a¡rowg) '

x 6765.
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Figure 63. ,Toxin traatad mousr. Corpus callosum. 4 hours poet-

inoculation. Extracellular spaca is cxpanded and axong

ara dilatad with extensive disruptlon of nyclin

lanellation (arrows).

x 6765.

Toxin tr¿atcd mousr. Corpus cello¡un. Imma¡cion

fixation. 6 houre post-inoculation. Th¡ andothelial

cytoplasm is condanead into ¿lcctron danac band¡ wl'th

nuÍnerous vacuolaa cvidant. Swalling of aetrocytie and-

f;ct and astrocytic proctaacs in tha nauropil.

x 13r530.

Figure 64.
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Toxin traated nouas. c¿rebral cortsx. Inmcraion fixation.

,6 hours poat-inoculatíon. The cndothclial cytoplasm is

rsduced to electron danea bands. sevare awclling and

brcakdown of astrocytic end-fect. An arythrocyte J'a

viaibLe in the caPillarY lunen,

x 13'530.

Toxin traated Eouac. corpus cellosun. Inm¡relon flxation.

36 hou¡s poet-inoculation. P¡orrinent ewclling of

nyalinatad axone (a¡rowe) and aatrocytLc Procrseas.

x 5330.

Figure 65.

Figure 66.



{ fi t
o

a



Figurc 67. Toxin treated nousË. Corpua callosum. Innarsion fixation.

'36 hours post-l-nocufation. SweltLng of myalinatad axona

and astrocytlc proctsses ín whitc mattar trects.

0ligodandroglial swclling is elso cvÍdant.

x 5330.

Toxin tr¿atad moust. Corpua callolun. I¡mcraion fixation.

4 houre post-l.noculation. Axonel cwaltLng, diaruption of

nyalin lansllation (arrow) and cnlargcmant of tha

axtraccllular spaca.

x 13r530.

Figurc 68.
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Ftguré 69.

Figurc 70.

Toxin treated mouse. Cerebral cortcx. Immergion

,fíxation . 72 hours post-inoculation. Marked swalling

of perívascular foot procesaes and astrocytic Proccsats

in the nauroþil. A nauron appeers elightly ehrunken and

nora electron dansc with cytoplasnric vacuolation. Ths

bl.ood veEsel appeara nornal except for nitochondrial

ewclling. A pericyte is also shorn (arrow).

x 4100.

Toxin traatad rnouar. Ccrab¡al cortax. Inrnaraion

fixation. 36 houra post-inoculation. Sev¡rc swellf-ng of

csllula¡ ¿l¡nsntE in th¿ neuropil with loss of orgencllcs.

The blood v¿escl appcârs norphologicatly unaffcctedr k.-.'*'-

x 13,53o. 
*-.c}c-!\.o.--b¡g v.si\\¿ (vi lu,'rc_'l
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Figure 7I.

Figure 72.

a

Toxin treated mouae. Corpus cal.Losun. Immereion

fixatíon. 36 hourE post-inoculation. A much anlargcd

ext¡acellular space containing copioua amounta of

extravasetad plaema Protain.

x 5330.

Toxin traated mouge. CorPua callogun. Immcrsion

fixation. 36 hours poet-lnoculation. ccllular rsnnants

arc scattc¡sd in e large pool of exuded plasna protein.

An ollgodendrocytc shows nodcet swalling.

x 5330.
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Figurc 73.

Figura 74.

Toxin treated mouse. Cerebral cortex. Innarsion

, fixation. 4 hours post-inoculation. Tha capillary

andothalial cytoplaem is reduced to an ¿Iectron-d¿ns¿

bend and the astrocytic end-fcet ars aBvÊrely swol].en

with rupture of call ncmbrenes.

x 13r530.

Toxin treatcd mous?. Corpus callocum. InmsraÍon

fixation. 3 hours post-inoculation. Marked awallíng

of astrocytic procBsErs and non-myalinatad axona in the

neuropíI. The blood vaeacl Ehows elactron danea bandc

of cctlular condcnEation in tha endothelial cytoplasm

and th¿ endothelial c¿Il nuclcue Ls vary elactron dsnEc.

x 6765.
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Figure 75. Control moua¿. Brain. HRP ia confincd to the vascular

r lumsn and in a fcw nícropinocytotic veEiclaa within thc

endsthalial cctl (arrows). Reaction product is ahorn in

an arythrocyte dua to cndogenoue paroxidasa activíty.

x 10r250.

Flgura 76. Toxin traatad nousr. BraLn. Pooll.ng of HRP along tha

ba¡al lanina (arrowa) but st¡ucturas bayond ara frcc of

rcactÍon Product.

x 10r250.
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Figura ?7. Toxln tr¿etsd mous€t. Brain. Accumulation of HRP along

rthecapJ.llarybaeallaminawithaEnallamountinclcfta

betwccn two adjacent aetrocytic ¿nd-fast (a¡rowa) '

x 4100

Figura 78. ToxLn trcatad mouaB' Brain' A capiltary ohoring

accunulatl'on of HRP along the baeal lanina but

extravagcular tLcsuée atr frcc of rcaction product'

x 6765.
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FiguieTg.Toxintreatedmouge.Brain.AccunulationofHRP

, along the basa.t lamina with some penetration betwesn

aetrocytic end-feet (arrow) '

x I0'250.

Figure 80. Toxin treated mouae. Brain. 3 hours post-inoculation'

A blood veEael iE occluded by platelet aggrcaatcs and

thc endothelial cytoplasn is condensEd into slectron

opaque bande. This aninal had becn injacted with HRP'

x 676s.
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Figure 81. Control nous". Brain. A few fe¡ritin particlcs arc

sccn Gntering snall v¿sicles at tha luminal surfecc

( arrow) and in vesiclea in tha cndothalial cytoplasm

( arrow) . No ferritin molecules arr PrËa¿nt in the

basal lanina.

x 67165O.
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Figura 82.

Figura 83.

Toxin treated mouse. Brain. An incraascd numb¿r of

f¿rritln partícles in cytoptasmic vesiclcs, a few in

thc basal lamina and an occasional particla in

perivaocular Eítee.

x 67,650.

Toxin treated nouú!. Brain. !Úidening of the gap

batwaan sndothalial ccllg wl.th tooaaning of tha tight

Junction but thia aPaca is conspicuously frse of

fa¡riüLn tracct matlrial (arrow).

x 67,65O.
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Figure 84.

FJ.gura 85.

Control mouse. Lung. Capillaries are fixed in an open

'Etate and a type 2 pneumocyte is shown with prominent

Iarnellar bodl.eE and a fe¡l short nricrovilli.

x 6765.

loxin treated nousa. Lung. 4 hours post-f-noculatLon.

A modest l-ncreaea in the size and number of

micropínocytotic vesicleg (arrows) in capítlary

cndothell.un Le ahown with mitochondrial swelling.

Conpare with the paucity of thesa veeicles f'n Figurc 84.

An alveols! mactophrga is intarposed between the

capílJ-arLes. Tubula¡ myelln lg arrowed.

x 10r250.
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Figurc 86.

Figure 87.

,

Toxl.n treated mouae. Lung. 4 houre post-ínoculation.

Capillaries appear normal.

x 10,250.

Toxin traated lamb. Lung. InmeraLon fixation. l* houre

post-inoculation. Tha capillary endothelium ia raduccd to

an alactron dense band (arrowa) i the nucleus is condcnsed

and eLectton oPaque. Compare with Figule 86. A copl'oua

amount of fibrín is preeant in the alveolar sPact.

x I0,250.
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Figure 88. Toxin treated mouse. Lung. 24 hours post-inoculation.

.The 
capillary endothelial cytoplasm shows focally

enhanced electron lucency and a few micropinocytotic

vesicles are increased in eize (arrowE)'

x l0'250.

Control mouse. Myocardium. Parallel bundles of

myofibrils are shown with intercalated discs in a

ly,å5

stepwiae pattern. Rows of mitochondriarli* between

eÂ
the bundleercontain{fg' tightly packed criEtae' The

capillary basal larnina is closely applied to tha

aurrounding ParenchYna.

x 10'250.

Figure 89.





Figure 90.

Figure 9I.

Toxin treated mouse. Myocardium. 4 hours post-

,inoculation. Extensive eeparation and degeneration

of myofilaments, marked perivascular oedema and

damaged capillary endothelium is shown'

x I0'250.

Toxin treated mouse. Myocardium' 24 hours post-

inoculation. A less severely affected focug with

disorganization of mitochondrial cristae (arrow) ;

mitochondria in an adjacent area of cardiac muscle

show the normal compact arrangenent of cristae '

Perivascular oedena is prominent'

x 6765.



li
¡

,-.



Figure 92. Toxin treated mouse. Myocardium'

' inoculation. Marked swelling of

eticulum.

x 41' 000.

4 hours post-

the garcoplasmlc

Figure 93. Toxin treated mouse' Glomerulus' 4 hours post-

inoculation. Capillary endothelial' epithefial

and mesangial cells apPear normaJ-'

x 5330.



I *

¡.



Figure 94.

Flgure 95.

a

Toxin treated mouse. Proximal convoluted tubule. 4 hours

post-inoculation. Enhanced electron lucency of the

cytoplasm with sone loss of organelle detail.

Hitochondria, typically vertically disposed' appeer

weJ.l-preserved .

x 10,250.

Toxin treatad mouEe. Kidnay. 4 hou¡c post-inoculation.

A capillary Ln the interstitLum ehowg attanuation and a

very elcctron dense cytoplasm (arrows). Deganeratl-ve

changes in the brush border of the proxinal tubule

are evident.

x 6765.
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Figuré 96. Eontrol mouae. Lung. Most ferritin particles are

.confined within the vascular lurnen but a few are

present in cytoplasmic vesiclee and the baEal lamina

snd occasionally in the alvaola¡ spacBr

x 61165O.

Figure 97. Toxin traated mouse. Lung. Modest increaee in the

nunber of fer¡itin particlee in cytoplasmLc vaaicles in

the capillary endothelium but few are Preeent in the

baaal lamina and alvcolar ePace.

x 53r300.
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Fígure 98.

Figure 99.

a

Control mouae. Myocardium. Nume¡ous ferritin tracer

molecul.es in cytoplasmic vesicles of the endotheliun and

in the pericapillary connective tíesue.

x 61165O.

Toxin treated mouse. Myocardium. Fe¡ritin particles ín

endothelial cytoplasmic vesicles (auows) End

pericapLJ.lary tissuer extending a conaide¡able diatence

beyond the blood vessel.

x 53r300.
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Figura'100.

Figure I0l.

t

Toxin treated mouae. Glomerulue. Ferritin partLclae era

unfforrnly distributed in the bEsal lamina (arrow) .n¿ in

the foot proceEEÉs of podocytes. Only an occaaional

particle is seen l-n Bowmanre space.

x 53,300.

Toxin t¡eated nouse. Brain. Thorotrast particle¡ in

veeiclec Ln the endothelial cytoplasm and baeal la¡nLna

end a fe¡r ín adJacent aatrocytic end-feet.

x 53r300.
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