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ABSTRACT

The PMysiological Actions of Prostaglandin E; on the
Liver and Blood-Brain Barrier of Galactosamine-Induced
Fulminant Hepatic Failure Rats

Bagic studies were carried out on the galactosamine-—
induced fulminant hepatic failure (GalN-FHF) rat model.
Physiolqgical, biochemical, and histological changes were
followed during progressive development .of hepatic coma.
Galactosamine (GalN) produced characteristic alterations in
the orientation of the hepatocyte's endoplasmic reticulum
(ER) such that it completely encircled the nucleus to
envelop it. These cellular events 1led to the onset of
hepatocyte karyolysis which resulted in eventual celiular
necrosis. The development of brain edema was also studied
in the GalN-FHF rat model. It was observed that brain
edema followed a bipha}ic pattern in which cytotoxic brain
edema preceeded ° a vasogenic component. Since
prostaglandins have beéen shown to possess cytoprotecti&e
properties, the effect of PGE, was investigated once
hepatocyte injury had already occurred. PGE, prevented
GalN-induced hepatocyte necrosis by delaying the cellular
events leading to hepatogcyte karyolysis and subsequent
cellular necrosgis. PGE; also appeared to prevent the
transition of cytoxic brain edema to %asqgenic brain edema
by preventing perivascular astroglial- swelling, thus
preventing the total Breakdown of the blood-brain barrier.

- xii - ~
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RESUMR

Action Physiologique de la Prostaglandine E, Sur le Foie et
la Barriére Sang-Cerveau de Rats Atteints de Déficience
Hépatique Aigu¥ Provoquée par la Galactosamine.

Nous avons effectué des é&tudes de base sur des rats
atteints de déficience hépatigque aigué induite par 1la
galactosamine (GalN-FHF). Nous avons suivi les changements
intervenant au cours du développement progressif 'du coma
hépatique, et ce, aux niveaux physiologique, biochimique,

~et histologique (microscopie optique et électronique,

[LM/EM]). Des observations ultrastructurales en
microscopie électronique révdlent que, dds le stade I du
coma hépatique, la GalN provoque des modifications
caractéristiques de l'orientation du réticulum
endoplasmique (ER) et des mitochondries de l'hépatoéyte, de
telle fagon qu'ils deviennﬁnt étroitement associés & 1la
membrane nucléaire. Durant le stade II du coma hLipatique,
le ER va jusqu'd encercler compldtement le noyau . et
1'envelopper. Finalement, pendant  1les stades III et IV du
coma hép&tiqne, ces modifications cellulaires aboutissent A&
la karyolyse de 1'hépatocyte résultant en une &ventuelle
nécrose cellulaire. Le développement d'un oeddme cervical
étant une complication majeure de 1la FHF, nous l'avons
étudié sur nos rats GalN-FHF “par une hiatolbgie du ™ tissu
(LM/EM) ainsi que des mesures directes du contenu en eau du

cerveau et de son gonflement. Nous avons ainsi obsdrvé que

le développement de l'oedéméﬁ cervical suit un schéma

biphasique dans lequel un oeddme cervical cytotoxique )
précédde une comébsante‘ vasogénique. De plus, le stade II
du coma hépatique Apparaig comme une étipe cruciale dans le

- développenient de 1l‘oeddme cervical. Pendant 1les stades
" terminaux de la GalN-FHF, i.e. les stades III et IV du coma

!
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hépatique, une destruction complate de la barriére
sang-cerveau entraine le développement d'un oedéme cervical
vasogénique. Ceci a été mis .en évidence gr8ce 3 des
color&tiong au bleu de tryan. D'autre part, comme il a
aéja été -démontré que 1les prostaglandines possédent des
propriétés cytoprotectrices, nous avons étudié 1'action de
la PGE; une fois établi le processus de détérioration des
hépatocytes. Aprés avoir injecté 1la PGE; dans la cavité
in apériéonéale d'animaux atteints de GalN-?ﬂg\ASE’ rendus
agé;stade 11 .du coma hépatique, ‘nous avons déterminé son
effet sur le' développement de 1la détérioration .des
hépatocytes induite par 1la GalN. La PGE, emp8che 1a
progression de la détérioration des hépatocytes pendant 8h
par comparaison avec: des animaux ne recevant gqu'une
solution saline. La PGE, prévient aussi 1le développement
de 1l'oceddme cervical pendant 4h, et, 8h aprés 1'injection,
le gonflement du cerveau dQl & 1'ceddme est redevenu normal.
Ceci .a pu 8tre confirmé A la fois par 1'histologie du tissZé
et par des mesures directes dubcontcnu en eau du ‘cerveap e
de son gonflement. De ces études, il apparait que la éGEz
prévient la nécrose des ﬁépatocytes induite par’ la GalN -en
retardant les modifications cellulaires amenant la-
karyolyse de 1l'hépatocyte et la nécrose cellulaire qui en

- découle. La PGE, semble aussi prévenir la transition de
1'ceddme cervical cytotoxique Q& 1'oceddme . ée:yfbhl
vasogénique en emplchant le ' gonflement des astrqp&téh
perivasculaires et donc, -‘la destruction compldte de- la
barridre sang-cerveau. :
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We dance round in a ring and suppose,
But the Secret sits in the middle and knows.

Robert Frost, "The Secret Sits"
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INTRODUCTION



CHAPTER I
INTRODUCTION

L3N
1.1 PROSTAGLANDINS (PGs)

Just slightly more than half a century has elapsed
since Kurzrok and Lieb (1930) firast reported that human
sewinal plasma had either a contractile or relaxing ‘effect
on the' human uterus, depending_ on fertility of the woman
from whom the tigsue was obtained. Howevzr, it was not
until the mid - 1930s  that von Euler (1935) and Goldblatt
(1933, 1935) independently demonstrated the presence of a
vasodepressor{'{ agent and stimulating factor of muscies in
human seminal plasma and sheep vesicular gland. At this
time von_ . Euler chemic‘ally‘ elucidated this "seminal force"
as being a lipid soluble material with aciéic proper;:ies.
Subsequently he coined 'the tetm Prostaglandin -for this

s

-
biologically active substance, as its source was initially
!u .

thought to be from the g/o;tate gland. It is now well

known that prostaglandi xist ubiquitously throughout the

.

b‘od-y and are synthesized jin practicall‘y all mammalian

tissues and body ifluids (e.q. kiddey, lung, thymus, liver,

spleen, adipose tissue, ' uterus, placenta, blood vessel,
?

. central neérvous - aystem, adrenal glénds.~ gut, mengtrual
fluid, amniotic fluid, synovial fluid, etc.) (Christ and

van Dorp, 19%3; Horrobin, 1978). One well documen ted

T - .

exception is the mammalian red blood celJ:, ‘U,pA until now a

-~
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synthesis c;apabi'lity has not been detected in human or
subhuman, mature or immature erythrocytgs (Shaw et al.,
‘ 19713 thquon, 1974').

The ogcurrence of px:o‘st.aglandinp is not restricted to
mammaliax; tissue -only. ;I'he pr.‘enerlce of large amounts of
prostaglandin like xt;aterial has beeﬁ identified- in
Caribbean"mar’ine Boét coral Plexaura hormomalla as well‘ ‘as

several plant species (Schneider et al., 1973; Cao and

i

"Cepero, 1976).

1.1.1  Structure and Nongoncl/aturo ‘o - ‘

. It iai evident from the above statements that the term
“proq;.agla;;din"' is a misnomer. Despite the »ubiquitgua
dipt’ribdtion of this subs;:ance, and fo;,' lack of a béi;ter
tﬂermin,ology, the name érostagla‘ndin has officially ta'd'cen |
hold. Since their’discov;ry in ti:xe mid 19308 -:fvon Euler,
193.‘:; Goldblatt, 1935)), grostagland'in have been subfeci to

much research literature reviews (Horton, 1969; pike, 1971;

' Curtis-Prior, 1976; Johansson and Bergstrom,.'1982; Vane,

1982). - C
Prostaglandins are now recognized as a group of
naturally ‘occurring ‘cyclical unsaturated fatty acida which

¢
possess a ‘wide range of potent and diverse biological

" activities.

i : & 4

’ -
' ’ ’,
‘ ' {“ - -
. L _.‘3 - .
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Naturaliy occurring prostaglandins.may be regarded as
derivatives of a hypothetical (parent) prostanoic acid, an
organic acid gontaining 20 carbon atoms - includi;g‘ a
cy‘clc:péntaner .ring and two gide chains,l one of which‘
contains a terminal carl;;oxyl (-C-OI'}_) group (Figure 1.1).
All \prostaglandins hav; in common .a ﬁrahs double bond at
C-13 and a hydroxyl group at C-15.- ’ . )

"l"ne~ea.r1¥ claasific:ation of these compounds was Ihased

simply on their extraction. \ proée;u:e * from  tissue
hor'nogenates.‘ Tﬁus} {;he letters E ' and Fl in proctagla\hdin g
\nomenclature refer. to tﬁeir\ extraction by _ the orgajn'ic":
(ethareal) phase (i.e. Prostaglandin E) 'or in the aqueoué -
‘phoaphate (swedish ‘fosfat) buffer phase (i.e. Prostaglandin
F). "Acidic and basic treatment of these prostaglandins
. yiél::l' .dqrivatives* designated A and B respectively (Bamborg,,'- )
.“ 19'73). with the advent of modern analytical techniques,
pz"ostaglandin: are Also clauiﬂed in numerous, ‘oftona
1eng‘1;.}1y and overlapping, .systems of’ nomenclature-ﬁ (Nelson,
‘_\197;4)\ Por 'example, .‘PGAZ- is. also called 5z, 13E, 15(85;
hydroxy-s-oxo'pro‘sta-s,’ 10, - 13-triene-1-oic acid. " However ,

" the commonly aécepted abbteviation PGAz (in thia cue) is
¢

|l

often used. .
v . The - most comm'dnly used 'syotem of- prontaglandin

nomenclature 1s_based on the type ‘and positﬁn of molbcular

AS

—

. 4 ‘
¢ ) . s . - .
; ~ , : -4 - M. .
D . - , < s \
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Figure 1.1 ' Structui'al | formula ' of the parent
Thypothetical) prostanoi¢ acid, from which’ -all naturally
occurring prostaglandins may be derived )
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groups, and the degree of ugxsatuxf?tion (i.e. carbon, carbon
doﬁble bonds, C=C) of the side chains on the cyclopentane
ring of the basic (parent) prostanoic acid molecule (!‘igure
1.1) (Crabbé. ;.977‘). Thus, baficglly, all n‘aturahl
prostaglandine are divided into three groups or “series.”

Series 1 prostaglandins (e.g. PGE;, PGF,,, PGAy, or PGB,)

,which are derived r from'di}Tomogamuqlinolenic acid (DGLA, 8,

11, 14 eicosatrienonic acid) contain.s one double bond in
the side chains, Similarly, series 2 prostaglandins (e.g.
PGE;, PGFyo s, PGA; Or PGBy) which are derived from
atachidonic acid (M. 5, 8, 11, 14-eicosatétraencic -aéid‘)
contain two double bonds in the side. chaina. %cries 3

proataglandins (e.g. PGE3 and PGF3) ‘which are derived fmm .
" 5,8, 11. 14, 17 eicosapentanoic acid contain th\%‘e double

i

bonds in the side chains. These latter proataglandins are

1ess vell documented than theéi‘ counterparts in series 1

<

‘ and 2, and are enpountered only rarely in’ nature (Flowcr,

1977;. Budlehan et itl.,. 1979). . = 5

1

Because of the rigidity imparted by the cyclopentane

ring and the ‘existence of double bonds, various isomers of

prostaglandin/ occur. An alpha/beta («&/ B )' system ' is

employed to défine - the ' stereochemical nature of.

substituents on the cyclopentane rinq. Alpha substituents

are situated on the same side of the ring as the aliphatic

>



~

. side chain (i, e.‘ C-1 to C-7} bearing the carboxyl roup at

C-1. Beta substituents are located on the side of the %ng
bearing the .alkyl \sa.de chain (ﬁ..e. c-13 (-20)& The
structures‘of some main series 1, 2, and 3 - prostaglandins
ar; shown -in Figure 1.2. "It will be noticed that these
prostaglandins differ from each other in' the following
characteristic ways: ” 2 |

'1‘) number of dbuble bonds (i.e. basic‘ Elass;lfication)-c-c

"2) number of hydrdxyl groups (R-C~OH)

3) presence or absence of keto groups (’R-i-o)

"Recently the deirelépmlent of specialized analytic
techniquei had led ‘to the discovery ‘of other important
derivatives of araChidonic acid (the fatty acid precursor
of most prdstaglandins in the bédy) v{ith éotent biological
activi.tiea.‘ 'zhese are: (1) Proataglandin endo;:etéxidol. '
PGG, and . PGH; =-- an intemediate in the biosynthesis of'
prostaglandins; (5) "m?romboxanu, m -~ .derived’ from the
endoperoxides- \\aﬁd (3) Prostacyclin, PGI5. All . these
derivatives share” the property of chemical instability, ‘but

have potant biological activities (Vane, 1982).

»

1.1.2 Prostaglandin Bionyntﬁ-iis
It is now well established .that prostaglandins are
synthesized de novo in all tissues with the possible

o
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exception of red blood- cells (Christ an‘d van Dorp, i974:
Johnson, 1974). The precise factors governing , the
synthesis of prostaglandins are not clearly u‘nderst_:ood.
However, it if well documented that prostaglandins are
released véz:y easi.ly by pertubation of the cell membrane,
Epduced mechanically’;r by chemicals (Piper and vVane, 1971;
Va‘ne,. 1982). During 'the ' pag'é two decades voluminous
literature has been published on the complex chemical and
biological processes involved in the biosynthaaib of
prostaglandine (Eliasson, 1960; Lands et al,, 1971;
Samuelson et ,al.., 1977; Mitra, 19'{‘}; Lands, 1979;
Bamarsf:rom, 1 1982). Numeroﬁs excellent reviews and
sympogia i:roceed;lngs are also " available in the. literature
detaizling' “the Qirious st-\.e—ps }n the biosynthesis ahd
inter-conversions of various pr‘bstaélandins (Nugteren et
al, 1967; samuelson, 1973; Wolfe, 1976; BHillier, 1978;
Vane, 1978). It is intended here only to givé a brief
overview of thise pathways of p'roa(taglandinubioéyntl;esi;.
Generally speaking, most prostaglandins (i.e. Series 1
anf;d 2”) are synthesized in the 'bo_d'y from C-20 straight 6hain
carboxylic- aé.ida (i.e. essential fatty acids of the
linolenic acid family) which undergo ring c‘losg're and the

addition of the requisite number of oxygen atoxﬁs by co;nplex

chemical processes dutlined in Figures 1.2 and 1.3. Series 3

| . L . -9 - -



PROSTAGLANDIN BIOSYNTHESIS

PHOSPHOLIPID
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( : a4 PGE
Figure 1.3: Schematic flow chart of prostaglandin
biosynthesis (======Qp.: stimulation, -« -~-p: inhibitor).
Modified from Crabbe, 1977; Johansson and Bergstrom, 1982).
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prostaglandins are synthesized from alpha-linolenic acid

which 1is converted to “eicosapentaenoic acid to finally
form PGE3 or PGF3 (Pigure 1.2).

’ Since prostaglandins are not stored within the cell to
any great extent (Piper and vane, 1971; Lands, 1979), their
de novo synthesis and release requires a mobilization of

e A

substrate precursor(s) suc}‘ as fre’e fatty acids. The major
fraction of cellular free fatty acids occurs tight\lf
se’questered in the esterified form as esteryl esters,
#» triglycerides or phospholipids, Precursor avaidability is
) generally cor;aidered as the m';jor rate limiting step in t:he
formation of prostaglandins (Lands et al., 19;11 Lands,
19'79). Polyunsatﬁrated fatty acids (PI‘JFAB),[_“iike arathi-
donic ,,acid—, ;re ‘the principal substrate of prf:staglandin
and thromboxane formation (Hillier, 1978). PUFA release’
from membrane plllospholipids is facilitated by the action~ of
membrane~bound phospholipases ~(Figure 1.3). PUFA 4is in
. turn acted upon by enzymes (desaturase and elongase) to
yleld arachidonic acid. The liberation of free arachidonic
acid is soon followed by the evolution of prostaglandin
endoperoxides (by the action of cyclooxygenase) and the
'subsequent‘ \formation of prostaglandins, thromboxanes, and\

prostacyclins as illustrated in Pigure 1.3 (Lands, 1979;

r/ ’
Vane, 1982; Hammarstrom, 1982).
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1.1.2.1 Stimulators of Prostaélandin Biosynthesis

A unumber of compounds such as catecholamines, hydro-
quinone, L-tryptophan and, serotc?nin are documented as
essential co-factors in prostaglandin biosynthesis (Sih et
al., 1970). These compounds have been shown to enhance the
catalytic conversion of arachidonic acid to the cyclic
endoperoxides,  PGGy' and PGHz (Miyamoto et al., 1976)

(Figure 1.3). .

1.1.2.2 Inhibi;.ors of Prostaglandin Biosynthesis

~ Compounds that can retard or inhibit prostaglandin
formation are the non-stgroidal anti-inflammatory drugs
NSAID f(e.g. a:spirin and indomethacin), and glucocorticoids
(Vvane, 1971; Chang et al., 1977). The former attacks the
cxcloox;}genase moiety of prostaglandin synghetase,
essential for the conversion of arac;aidonic acid to the
cyclic endop.eroxide; PGG; and 'PGH;. The latter acts by
blocking the degradation of membrane phospholipids by

phospholipase &5 (Fidure 1.3)., (

5 -
1.1.3 Pphysiology of Prostaglandins
' Despite its concurrent discovery by von Euler and
Goldblatt (1935) nearly half a century ago, its precise

role in physiology remains to be elucidated. The problem

- 12 -
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of the physiological role “‘iw*of prostaglandins is a complex
one because there are indications that these ubiquitous
substances may play a different role not only in each organ
but possibly in -each tissue and cell ‘(Ho’rton, 1969).
Furthérmore, prostaglandins are not stored like histamine
or serotonin but ar.e ‘released a’.mnedia-tely upon synthesis.
Consequently, it is always necessary to initiate synthesis
to study release, Thus, reclease is synon‘ymous with
synthesis. In addition, their short half life (1 - 5
minutes) makes precise quantigzation difficult (Jaffe, 1973).

Much of the phy'siology of prostaglandins, however, has
been elucidated by their pharmacologic effects on -various
tissues and organs. Numerous excellent reviews on these
are available in the literature (Horton, 1969; Hammarstrom,
1982; Curro et al., 1982). Scine of these pharmacological
actions of prostaglandinse are summarized in | Table 1.1.
Onty a brief overview with géneral examplés are given.
Prostaglandins have been shown +t0 induce varied physio-
logical effects from sp;cies to sgpecies, For example,
PGE» causes bronchodilation in cats but broncho-
constriction in humans and guinea j)igs (Table 1.}). In
addition, the effects of prostaglandin; on the vascular
system varies with the anatomical location of the blood

vessel. 1In'general, PGEs caused vasodilation whereas PGFs

- 13 - . _
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‘Table 1.1
- Some Pharmacological Actions of Prostaglandins
Species Prostaglandin Tissue or Organ Systéh Effect Reference
Sﬁeep i PGF, Reproductive System lugg&l'regression Bygdeman and
- i ‘ - Gillespie, 1982
‘Rat™ - ' PGE, PGEp, PGF) Reproductive: uterine contraction Curtis-Prior, 1976
Guinea Pigs PGE - Resﬁiratory‘System Bronchodilation Piper and Vane, 1971
Cat PGF 3 ' Respiratory System Bronchodilation . Horton, 1969, 1972
R . L 3
Human,’ PGF, Respiratory System Bronchodilation Jones, 1977
Guinea Pig .
Dog PGE, PGA Cardiovascular lowers blood pressure, Jones, 1977
T System . increase cardiac output N
. N
Rat. PGF : Cardiovascular increase blood pressure SammuelsSon et al.,
Dog - ) System ) vaso constrictor 1977
/Y - increase or “decrease Jones, 1977
. ’ cardiac output
Dag PGE, PGA Gastrointestinal inhibit HC1 secretion Horton, 1969, 1972
' . System inhibit ulcer formation Johansson and
increase in intestinal Bergstrom, 1982
. - motility :
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Table 1.1 (continued) .

Some Pharmacological Actions of .l;rostaglandins

e )

Species

. Pr_ostag]andin

Tissue or Organ System —— Effect Reference
Rabbit PGF Gastrointestinal increased intestinal Curtis-Prior, 1976
) System . motility Johansson and
N : -Bergstrom, 1982 -
Rats . PGE CNS depressor effect Horton, 1969, 1972
- . . ‘anti convulsion
Rats PGF CNS no response Wolfe, 1975
' Cat' PGE Hypothalamus thermoregulation-fever Wolfe, 1975
Cat ' PGF -Hypothalamus no response Holfe, 1975
Dog PGF2 Cerebral blood vaso constriction Yamamoto et al.,
. vessels decrease blood flow 1972, 1973
- { Wolfe, 1975
Dog 'PGE ‘ Cerebral blood vasodilation Holfe, 1975
Cat vasoconstriction
/Réi PGE, PGE Neuromuscular no response Wolfe, 1975 .
Junction
Rabbit . PGE2, PGA Kidney vasodepressor Horton, 1969, 1972
. increase natriuresis. s
Dog PGF 2 Kidney no effect Lee, 1973

X
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the action 6f prostaglandihns
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Gasoconstriction in most Dblood vessels (gones, 1977).

Howevear, in the cerebral blood vessels, both PGE and PGF

have vaeoconstric@br effects (Wolfe, 1975). Yamamoto et

al. (1972, 1973) have further shown that PGE; causes
. N ’
vagodilation and PGE; vasoconstriction in the cerebral

arterids in dogs. Recently, exactly opposite observations

were reported Dby Curro et al. (1982), o demonstrated that

' PGE; was in fact vasodilatory in the cereljral vasculature.
‘ ’ . -

such contradictory reports further puggest to the complex
character of prostaglandins in physiolégy. Thus, because
of this ‘and other contradictory obiervatfonst-the precige

physiology of prostaglandins remains controversial. The .

variable and gometimes diverse biological action of

prostaglandins in  the same system has thus made it.
difficult to establish a uz}fiod "mecpaﬁism responsible ' for.

in different tissues. -

2N

\n
1.1.4 Cytoprotective Property of Prostaglandins

An . important adjunct to . the " diverse physiological
éroperties of pfostaglandins is their cytoprotective effect
on a variety of -organs including the stomach, small and
large intestiggs, pancreas, kidney and liver (Robert, 1981;
Johansson and - \Borg-trom,— 1981). The ghen&menon, of
cytoProteétion by prostaglandins wis firgx_dilcoverp& by /\

\ '’
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,Robert (1976) who showed that several natural prostaglandins

(PGA;, PGAs, pcsg:zc}icn}. PGE), PGE;, PGFyq and PGF2g )
had a unique ability to protect cells of ‘the gastro-
'intestinal epithelium ("direct” cyéﬁprotection) agaihst a
variety of potentially néxibus agents f(e.qg. non-;teroidal
anti-inflamatory drugs (NSAID), steroids, ethanol, . hot
water, and strong acid or base) which otherwise ﬁave the
capability of producing cellular damaée and necrosis
(Robert et al., 1979; Robert, 1981). Prostaglandin was
administered oraily\ or sub~cutaneously. 1In Qithertcade, it
was observed “that "ditect" cytOpfotection . was dose
,dependent and of the various prostaglandins tested, PGA and

i
PGE were generally the most effective. ‘ e

It was first suggested that the inhibitory effect of

certain progtaglandins (e.g. pczzi on gastric‘ acid -

secretion was the reason £or the anti-ulcer activity (i e,

prostaglandfns acted as negatiive faedback znhibition of

gastric secret n) (Robcrt, 1979) Howover, certain

prostaglandins pr ected the stomach even at non-aecretory
doses ' and against necrotizing agents that do not reapond to

antisecretory,drugs such as histamine, Hy blockars, anti-

cholinergics or antacids (Robert et al;, 1979). Further~

L

more, prostaglandins that do not affect °gastric’ acia

secretion (i.e. PGP, and PGFZB) also prevented aspirin or

[ B ' R
'
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;ndﬁmcthacin induced ulcers (Robert .et al., 1967). These
observations ;uggestea that prostaglandins could protect
_the gasﬁrointeutipal 'chosa' by mechanismsd other than
inhibition of gasttib secretion. 8ince indomethacin is
ulcerdgebic and- its léaion; are prevented by prosta-
gléndiné, it was ppatulated that ulcer formation wgs’“due‘ to
prostaglandin “deficiency illicitea by aspirin «c¢r
indomethacin (Robert, 1975; Nezamis et al., =1985). Thus,
treatment with prostaglandins would exert ‘a protective
effoct’by r;placing the missing endogenous prpgﬁaglandips.
P;ostaglaﬁdih-iﬂduch cytop:qfectiod of the gastro--
i ihte-tinai tract . was ‘also. seen against a variety éf
'phyiical inju?y by necrotizing agent; such as abgolute
. alcohol, strong acids (e.g. HCl), strong base (e.g. NaoH),
hyporfonic (25%) saline, and even boiling water (Robcré et
al.{ 1979). The mecﬁ;n{om fbr this is open to debaté.
Robert's group has postulated that, since prost;qlandins,
are present in ' most cells, th;y _ are  necessary. for
maintaining ceflu;at integrity. fhus, b} raisiqg the .
tissgg lgyel of prostaglandins by exogenous admiantration,
the céllylar resistance is also enhanced (Robert et ;13;
1979). Such a meqh&ﬁilm, however, seems unlikely 'liﬁca ’
lﬁéh {szétizing \agontd/ kill the gastric epithelial on
Eontact.

S~
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"Adaptive" cytoproteg%ion ~is  -another forﬁ of
cytoproteétion ‘'which has been observed 1in the gastric
ebithelium (Robert et ai.. 1979). ' It was observed that
mild irritants such as 20% ;tha‘nol,~ or weak acid or baJL
(given 15 to 20 minutes b?fore' necrotizing agent) g%so
prot?cted the gastric epithelium from 1lesions agaifst
absoclute alcohol, stroné acid or base, and even boiling
.water (Robert etwal., 1979): It was speculated that mild
irritants might\' stimulate endogenous formation of
cytoprotective prostaglandins by the stomach, implying
prostaglandiné were the direct cause of cytoprotection.
The hyéothesis'”;wgg'-testeé by. treating‘ the ‘r;t; with

I3

an " inhibitor of prostaglandin a?nthesial

indometh
prigfﬁ to ddministefing the mild irritants.. At an optimal:
- dose of indome thacin, none of:lthe mild iiréitants werd
cytop&otectivé‘anymore. This reaglt strongly suggests that
the nild irritants exert. their 'efﬁeét by stimulating the
formation of‘cytoprotective pro?taglandin(s) by the stomach
(Robert, 1979b). - This effac£ of‘mild ifritants was termed
adaptive cytoprotectjon since 'it appe;rs to be a local
defensive reaction of the}bédy against the introduction of
doxious-agenta; _— .

in théfrearlier studies in which cytoprotection was
acdémpllspbd‘py admiﬁiagraéioh of prodtaglanaina,‘oﬁe could

. . . , B /

- , . _ . ) 2

»



aréue that the effect was pharmacological, i.ex\it‘did not

~

représent a natural response but was the result of

administering a drug. Demonstration of adaptive cyto-

protection, on the other hand, suggests that cytoprotecfion
by prostagléndins may in fact be a ph?siological phenomehon
(Robert, 1981). ‘ | |
Since these initial ;tudies (6n gastric -and 'intestinal
c§toprotecgion)r the cy;oprotective property of prosta-
glandina'pas been - extended to 4 number of other organs
including. the pancreas, /kidney Qnd liver (Reber d% al..‘
1980; Manabe and Steers1080; Stachura et al., 1980; Ruwart
ot'ai.q 1981a,b). ’ ‘ |
K'Regén:£x,*h nﬁﬁ;roua studies have demonstrated thaﬁ
'ér§;¥;glanéin;\z;ameiy PGEé and its methyl . analog 16; 16
dimethyl PGE,) were able ’:;RNth;ect‘ the liver (i.e.
'hépatocytoprbﬁéc;ion) against acute liver injury produced
by. a ‘number of hepatotoxins ihcluding galéqiosqﬁine,
acetominophen, ethanol, alphatoxin, carbon tetrachloride,
\;igpa—nepthylisothiééyanatéﬂIStachura et al., 1980, 198i;
. Ruvart et -al., 198la, 198lb, 1982a, 1982b, 1984) and
" thermal injury (Miyazaki et al., 1983). These studies, ﬂave
'demonatra ted that RGE; was capable of protecting not only
’ liver ‘parenchfmaL cells "but also those of ,tpe biliary

ep?ﬁheliuﬁ\from toxic ‘damage. However, for cytoprotection

l

\ B

A ~ . A
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. to cccur, it was necessary to administer the PGE; Jjust
before, simultaneously or ﬂ'immediately following toxin
insult to the 1éver. The mechanism for Thepatocyto-
0 protection is’ unblear‘ It _ has been suggested that
hepatocyte protection may occur at +the membrane level or
may be a by-product of alteration .of toxin m:;:hglism
cauged by the prostaglandin (Miyazaki et al., 1983). sinc'e’P

.prostaglandins '’have been shown to protect a varieﬁy' of cell .
types (i.c.’ gastric 'and‘ intestinal epithelium, kidney,
pdhcroas, and liver cells) there is reason to .believe a
;on;ralizoal mecﬁaniam fo; protectionr of'cells from toxins

by prostaglandins may exist.

1.1.5 other Properéico of Prostaglandins

|‘1n adgitlon to cytoprotectlon, p{PQtaglandins" have
- also been implicated in DNA synthesis and cell
proliferation following partial h?patectbmy and' ethanol.
" induced ‘auppreaaion "of liver ragonerition,(MiurA and Pukui,
1979; Makowka ‘et al, 19%2; McNeil and Leevy, 1983). These
results strong;y suggest that pro-taglandins are, involved
in 1ivei‘rfgeﬁeration, although it is not clear what type
of prost;éiandin is the triggaﬁ. An increase in .PGE’
obsefved .d;ring liver regeneration = following p;rtial
hepatectomy in normal rats suggests that PGE may b:'bf key

s

- 1
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importance in DNA synthesis (MacManus and Braceland, 1976).
Indomefhacin, a ,potent inhibitor of ¢ ‘proataglandig
synth;sis, reverses these efferts on DNA synthesis koNeil
et al,, 1985). The direct mitogenic effect of PGE has also
been observed 'in thymic cells, mouse lymphocytes and’
cultured rat hepatocytes (MacManus and Wh;tfielg, 19763
Qndrcil et al., 1981; Otto et al., 1982).
i.1.§, Mechanisms onProitaglapdin Action
The exact mechanisms o? prostaglandin action \are still
to be defined as, their exact ﬁhysiologic&l role remains
coﬁtroverai&l (ﬁorton, 1969). \It is clear, howevervj th;t
endogenoﬁs prostaglandins act locally and rapidlyf in small
quantities, to groduca a variety of cellular .respdnses.’ ‘It
has . been suggested that the biological actions of pro&ﬁg-
g;anqini appear -to °‘be’ closely' associated with ,hthose of
various hormones in the body (Horton, 1972). Several.
‘workers (Horton, 1969; Lee, 1973; Kuehl, 1973; Wolfe, - 1975;
Bygdeman and Giflotpio, 1982) have p&etulated that as
bcirculaﬁbry'hormones and nerve action potential reach the~
regional ‘ce11° mcmb?ane and exert their biological action, S—
the - phoséholipidaseg in the membrane are simultaneously
activated to cleave the phospholibids to release poly-
‘unsaturated fatty acids, l;nolenic acid, and arachidonic

- 22 -
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Aéid. These pgfcursofs of prostaglandins rapidly follow
the “arachidonf% cascade" (Figure 1.3) to form the desired
'proetaglandin(s) (samuelsson et al., 11§77). Thus, it is
postulated that on “2efve ér hormonal stimulation
prostaglandins may pla& a role in thé negative f?edback
ﬁechanégm in such peripheral ‘tissues as adipose tissue,
stomach, and smooth muscles {Horton, 1969; Wolfe, 19;§7\
1.1.7 Prostaglandins and the Cyciic AMp System

Cyclic AMP, after its discovery by Rall et al. (1957),
has been implicated in  various hormone~membrane
interactions. It is now well known that Eyclic AMP play; a
key - messenger role to regulate-intracellular function as a
conséquence to exte?nal '_stimuli. A brief schematic
reptesentatién‘ is sﬁown 'in Pigure 1.4.° ériefly, theij
hormone-membrane ’ intéractién excites the membrane-boqnd
a§enyi‘ cyclase to convert intracellular ATP to cjclic—AMP.,
The cyclic nucleotide subsequently activatqs a sequence of .
protein phosphorylase  reactions culminating— in the -appro-
priate physiolojical response.

Steinberg ot al. (1964 ) first _p_oathlated that} the
actions of prostaglandins may also be similarly madiftqd by////'

. ¢yclic - AMP. Much research and extensive reviews in the

-

literatufe‘havg,poy confirmed the existence of a cyclic AMP

3

; P
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Figure 1.4: A brief schematic representation of hormone-
me%ﬁrpne ( receptor) interaction which elicits adenyl
cyclase to convert intracellular ATP to cyclic AMP. Cyclic
AMP subsequently activates a sequence of protein
phosphorylase reactions culminating ih the appropriate
-physiological response.
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mediated mechanism for prostaglandin action (Hittlemann and

/Butcher, 1973; Kuehl, 1973; -Hammarstrom, 1983). A brief

\Sﬁematic representation of this is depicted in Pigure 1.5.
The. concept that brostaglandins may be formed as a

consequence of cyclic AMP action and function as negative

1

. feedback regulators is also  shown. Despite isolated

a

contrary observations to the negative feedback concept, it

.is now a generally accepted phenomena (Kuehl, 1973).

[ N
B
/

1.1.7.1 Ying-Yang Hypothesis of Cyclic AMP and Cyclic GMP
The Ying-Yang hypothesis or the Theory of Dualism was
.proposed Py Goldberg and co-workers .£1973). This theory
suggests the . modulation of intra-cellular (hormonall or
prostaglandin related) reséonse ' due to prostaglhhdin
siimulatioﬁ is not due to cyclic AMP alone. Tﬁe theory

E 3

states that both cyclic AMP and cyclic GMP play a role in
r;éulating cell function with an equal and opposite effecé.
, f; has also been suggested that cyclic GMP relates to F
prostaglandins in the same way that cyclic AMP relates to E
prostaglandins. The presence of receptor sites for F
prostaglanding, along witﬁ evidence of increased cyclic
GMP/cyclic. AMP ratio under PGF;  stimulatipn, have further
strengthened this pYiew. Similar but opposié% situatiﬁn has

-

been observed with Ep (Kuehl, 1973).

~ 25 -
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Figure 1.5: A brief schematic representation of
prostaglandin-membrane (receptor) interaction which elicits
adenyl cyclase to convert intracellular ATP to - cyclic AMP.
Cyclic, AMP subsequently activates a sequence of protein
_kinase and phosphorylase reactions, culminating in the
appropriate physiological response., Prostaglandins, formed
as a’ consequence of g¢yclic AMP action, may function as
negative .feedback regulators (w= == e= em=d-), or may enhance
the protein kinasé to augme@ its action.
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1.1.8 'Are Prostaglandins Hormones? A

The question of prostaglandins being hormones is a
complex and controversial gqne (Horton, 1969) In the
classic;l sense prostaglandins (at least E and F series)
cannot be considef‘ed as true circulating hormones because
they are inactivated during a single passage through the
lungs. However, exceptioRs have been observed in women
undergoing labour. In this case PGE) ar;d F2 o {secreted in
one area of the body havé been shown to circﬁlate past the
lungs to cause uterine contractions. In addition,
subst.antial{l evidence exists to ~suggest that PGFyy is
released in the uterus to cause luteolysis in ovaries of
shéép and that PGE; is formed in the kidney to regulate
hemodynamics of the cortex (Kuehi, 1973).

The only prostaglandin that might conceivably function
as a true circulating hormone is one of the A series as
hese prostaglandins are not metabolized by the lungs.
Th ;. PGA, formed in the papilla of the‘, kidney coh{d be
elaborated int:.o the venous circulation, »following
app_ropriate stimulus (e.g. expansion <_)f blood voiume), pass
throﬁgh the lungs to act on peripheral arterioles.

For the majority of prostaglandins (i.e. Serie'&s E and -
l;‘) it has been suggested that they behave like “local
hormones" and play an importantcregula;ory role in cellularu
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functfi.onz Recently prostaglandins (specially PGE;) have
also been demonstrated to regulat‘e and 'trigger red cell
formation from hen;opoietic stem c;lls (Dukes, 1982). Thus,
the rol: of prostaglandins as local intracellular regu-
lators X(hormc;nes) is established, at 1§ast in ' some
instances. 5[;1 addition, ‘the abilitqy of virtually all celi
tﬁes to synthesize -and regspond to added prostaglandins
suggests that prostaglandin must also have an important
action in the ceils which produce them. 1In aécord with the‘
messenger concept of c¢yclic AMP, "Prostaglandins would
appear to play either an essential int'ermed'iate or :nod,u;-

lating role on hormone action (Wolfe, 1975; Vane, 1982). .
A\ ’u
| ;

1.1.9 Prostaglandin €; S .

B

-

¥
[y

Prostaglandin ) (PGEz,l: is 6nev of the primary -
(end-products of prpstaglandin sxntheuid " from . arachidonic )
acid (Pigqure ?.3), The ba-:&c. ‘chemical structure  of
pto;taglandin E; is shqwn in Figure 1.6. Early itqdies
\with this primax;y prostgglgndin, were rela}:éd to their
highly potent effects ,cn smooth muscles, Xidney, and‘_the
gastrointestinal tract-‘(Eliasson, 1960: ﬁortpn. '1969; Pike,
1971; Lee, 1973). . In race'ntﬂ y;ears’, with the a;railabilit
of synthef.ic and purified prostaglandins, - these \-\}batancea

3

have been implicaTd in the regulation and function of

\ ) ~
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“p ) . .. ,
practically every tissue and organ system in the body
(Kulehl ' 1973: Wolfe, 1975: Jones, 1977 Dukes, 1982).
Recen‘tly the’y: have also been implicated in cell prolifera-
tion and DNA synthesis (Andreis et _al.,‘ 1980; Otto et al.,

1982). —P"GEZ has been demonatrated to‘ manifest numerous and

diverse biological properties which vary from organ tg

organ, Some repregentative properties of. PGE; are listed

"in Tables 1.1 and 1.2, It is now known tl;at these varied

<

<

‘and’ di;zerse responses of \Pﬁﬁ; are mediated by the cyclic
AMP - system in the body (Hittleman and Butchue:.', 1973). PGE;
have been generally shown to "'be . antagonistic t.o éGFZ in.
its action (Curtis-Prier, 1976). For example, PGE, relaxes
t,he broncl{i, lower Ieeophageal _ sphincter, arterial amooth.
muscles, whereas PGF,, constricts - th\?se tissues. However,
discrepaﬁcies have béen observed in cgrgbra% c:apillar:.i.es
vhere PGE; has been shown to cause both‘ v.-rasod;llation 'anld
vaéocolnstriétion (ﬁolfe, 1975) (Table 1.1). )

A major and well documented property of ,PGEVZ is cyto-
pro tection. C_ytoprotac-tion\ ‘by ﬁrostaglahdins has been
,extensively reviewed (Miller and . Jacobson, 1979; Robert,
1979, 1981; .Johana‘an\ a;nd Bergstrom, 1981)}. Of the various
prostagléndins, " PGEa and its  methyl analogue 16,
16~dimethyl PGE, ‘has 'been extensively studied in nu\me'rpus

tissues. ' Strong and.convincing evidence now suggests that
* - N . &
g

»~

A\
.
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Table 1.2

Some Physiological Properties of Prostaglandin E2

Organ System

Physiological Action

.Reproductive System

Cardiovascular System

Renal System -

Respiratory System
Central Nervous System’

Gastrointestinal System ,

"Endocrine System

Immunological System

Hematological System

Relaxes non pregnant uterus

Contracts pregnant uterus ‘
Increases cardiac output

Increases myocardial contractile force
Causes vasodilation

Lowers blood pressure °

Intrease natriuresis -
Causes cortiocal vaso_di]at'lon-

Causes bronchodilation
Depressive effect
Anticanvulsion

Increase body temperature -

Inhibits gastric secretion ,
Increasgs intestinal motility

Increase cyclic AMP levels

Modulates cyclic AMP mediated action of

hormones and drugs .

Promotes glycogenolysis

Inhibit lympﬁocyte function
Inhibitory role in immune response
Produces inflamation

Stimulates platelet aggregation- .

'f'31"
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PGE, plays a major phyl,iological role ' in cytoprotection

against toxins by causing stabilization af cellular
momb\ranea‘ (Robert 'ot al., 1979; sStachura et al., 1581;
ché.tcv ot al., I198°2). ‘Tho_mechanism for this is as yet
unclear. fncreaaed‘ ‘gastric mucus secretion :. due to PGE
stimulation may  play -a,—role, at least in gastric
cytoprotection (Nezamis and Robert, 1982). In a unified

.concept for cytoprotection, it ‘has bien propolah that

PGEy-induced cyclic AMP production may play a major rolc

(Robert, 1981). The observation that both PGEz and cy¢lic
AMP prcverit’od inﬁom.thaein-ind,ucod inhibition of sodium
active transport in the gastric muqo?a 'luggut.A thaf:. PGEz.
\stimu'l‘atgl the sodium pump iay activating adcny} cyclase and
incrsasing intracellular cyclic AMP  (Chaudhury and
JlCOblOt.l, 1978). Similar observations have been made ix;
vari{m- other types of tissues (Hall et al,, 1976).
::hibition. of ion Iactiva ‘f,tan,lport may lead t¢ intra-
cellular accumulation of sodium, aniéns, and water. The
result;ant o.motic~ swelling could* produce uvgror‘ cellular

damage, altered permeability, and dilruption of lysosomes.

~ Prostaglandins (E3), by activating the gastric sodium pump,

‘"may protect the epithelium against such intracellular

changes (Miller and Jacobson, 1979).‘



by

. 2 PROSTAGLANDINS IN LIVER PBYSIOLOGY
'rhe cytoprotective property of prostaglandins (in.

particular PGE3) on liver cells has been well documented,
nov;av.:, ’ there appears t:.o be a paucity ofv publinﬁod
informatibn‘ regarding ‘the effcéta of prostaglandins on
liver ghysiology. g 7

It has been demonstrated that the lifn'r (as well as
the' 1lungs) efficiently metabolizes as much as 958 of
circulating prostaglandins (Dawson et .al., '1970). . This
ro’mo'val was associated ‘wi\t_:h a repid and’ complete dJdecar-
bo;yla:tion of prostaglandin within the livor . Evidence for
a proitagla‘x;dj.n ﬁrqc‘e'ptor was first described in the fag

cell (Kﬁohl and Humes, 1972).  However,. ‘rocontlyh PGE

L]

A\

roc’eptor.u have also been identified on. rat hepatocytes

(Bim:lgol and rloichlr, 1974) No PGF receptprs have yet

" been . identified in rnt hepatocytca. . Existing evidence

~

suggests that E type proctaglqﬁdim exert their a&tion by

regulating cyclic AMP .hVol-. Thus, PGE may function to

i
control enzymos associated with cyclic AMP. Recently,

contrary aviglence was presented indicating that unlike ‘as

. in most cells, PGE, does not appear to :be 'stimuldti'ng to

. 4 .
cyclic AMP in hepatocytes (Grinde and I@ara. 1983).

Thus, in hepatocytes PGE; may in fact depress cyclic AMP




. ' .
[ Y
{

production. This  anomalous action of PGE, remains
controversial.
The effect of prostaglandins on 1ipid and carbohydrate

netabolism has been extensively studied. Its effect on

' protggn me.tab'olilm is less studied as it hids only marginal

* effects on- the synthesis of piotnin in bacteria (Ruddon and

~

Johmon, ~1967) . Recently, however, prostaglandina' ﬁavo

.been shown to participate in the synthasia and release of

. diﬁfqrcnt hormones in varioua endo&rino glanqa (Kuehl,

1§731 Wolfe, 1975) - The mechanilm of action is considered

to be' mediated by cyclic AMP (Hittleman et al., 1973).
LY ~ ’ -

(Pigure l.4)o - : o .

1.2. 1 Pro-taglandin- in Lipdd Motabolilm

: ,o ‘The first observnt:lqn. of the effedts of proutaglandin
on 1ipid metabolism were nade by Btoinb-tg et al.. (1964)
who showed that PGE] reduces’ hho roloau Qf'glyccrél_a‘nd‘
free fatty acidl' fi;om' rat epididymal adipose tissue,
indicating a direct antiligiolytié action of PGE;. Shav and
meall. (1968) extended these finding: by -howing that whon

‘apididymal adipose  tissue was stimulated in vitro by
flypolytic hormones (elg. op'ina\phrinc, norepinephrine and

ACTH), or when the epididymal ncrvc was ltimulated cloctri-\

cally. or whnn ‘the animals were proviously fasted thoto was

3
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" an increased efflux of prostaglandin release. Fur thermore,

[ 3
there was: a reduced release of prostaglanflin (concomitant
with reduced free,'_!.atty acid release) in the presédnce of

insulin. ‘ These - observations subsequently lead to the

hypotﬁesis that prostaglandins play' a-physiological role as

3 negative feedback regulator: of hormone stimulated

™~
lipolysis in adipose tissue’ (Figure 1.7) (Shaw and Ramwell,

}‘.,actqr' in prostaglandin antagonibnp " of lipolysis; lipolysis
in -adipose ' tissue' (from fasted rats is sensitive to prosta-
glandin antagonism but not tissue from fed vats 4(Cazd'laop

and Michelld, 1970).

i

The antilipolytic action of various prostagla'}tdins

{

have been determined and are as. follows. PGE:2>PG21>PGF20,

>PGP)y . Prostaglandin Fz was found to be inactive as an

,antilipolytic .agent _(Steinborg et. al., 1964: Butcher and

Baird, 1968). '
« ’ The mode of the antilipolytic action of proataglandins

is considered to be madiated = via adenyl cyclase sys};dm

(Hdrton, 1969). Several hormbnes activate adenyl cyclaase

to - form cyclic AMP which is convert;ed to S5'AMP by phospho-

d‘ie,atorase in the adipose tiasue. Hormone qensi_tivp_

lipase, . which hydtolyz'ba. triglycotides ig’ adipose tissue,

‘is activated by cyclic AMPp-dependent proteinkingse and

~
4 ' C . T .- 35 - , ) 1 4
. ) o .

]

. 1968), ' The nutritional status appears to be an .'img‘aort’ant )

!



HORMONE

. ADENYL CYCLASE A

' S,
S g e T

CYCLIC AMP

A

TRIGLYCERIDE * PHOSPHOLIPASE A
/ .

.~ TRIGLYCERIDES . | PHOSPHOLIPIDS
¥ FREE FATTY ACIDS

\ ARACHIDONIC - \ :
. ACID :

4 . »

X = < €oreencer PGE

Figure 1 7: A schematic flow chart showing the physfological role of
PGE2 as a negative feedback regulator of hormone-sfimulated 14 polysis
An adipose 'tissue (r=rresscencd negmve feedback intﬂbitfon)




4

i

éppears to-be the rate limiting step (Butcher and Baird,
1968) . Hence, a second messenger, cyclic 3',5',-AM‘P s;aems
to play a kéy role in mediatiné ‘the lipolytic actions of
ca.tec'holamines and other hormones by gctivating this lipase
(Butcher and Sutherland, 1967). | .

&

l.2.2 Prostaglandins in Carbohydrate Metabolism °

Relatively few studias havé~b9en made on the effect of.

prostaglandins on carbohydrate ‘metabolism. Intravenous
injection of PGE; and PGE; causes significant hyperglycenia

in a variety of ‘animals (Bohle and May, 1968; Miller et

‘al., 1983). On the other hand, PGE; fails, to increase

blood glucose in adrenalectomized rats (Bergstrom et al.,
1968). Furthermore, unrelated hypotensjive agents can -also
induce ,,hypergly‘cemia (Bergstrom et al., 1968).° The&se
observations indicate that two sepla\rate " mechanisms may be
respénaible fot the génesia of PGEi—induced hyperglycemia:
(1) a direct g‘lycogenoj.ytic action of PGE; on the 1lier and
(2) reflexly incrgased ~ secretion of c'atecholamines
sacondary to the hypotensive actién ~of PGE] (Bergstrom et
al., 1968; Bohle and May, 1968). From in vive experiments,
it appears that the former is rather feeble compared to the

latter mechaniam for the production of hyperglycemia.

-
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In otﬁer studies, Crawford and Haessler (1968) noted
the similar action of PGEi and insulin in reducing
lipolysis in adipose tissue. Subsequently,' they showed
that PGE)} may promote fatty acid r;-ésterification and
lipid synthesis from glucose and acetate. Prostaglandin E;
was also "insulin-like" in stimulating 14C incorporation
,into\ fatty acid and glycogen. Recently, pngtaglandin
inhibitaz;s, such as indomethacin, sigriificantly blunt
plasma élucose and hepatic glucose output in response to
glucagon and or epinephrine (Miller et al., 1983). Thus,
both carbohydrate and lipid metabolism appear to be
intimately interrelated ;t least’ wi£h respect to
prostaglahdin modulation. . ‘ e

‘ b 4
1.3 P STAGI.rANDINB IN LIVER DISEASE

Definitive studies implicating a role for prosta-
glandins  in " liver' disease are lacking. It is well
documented, ‘howeve\r, that prostaglandins play imi:ortant
reguiaggrx “roles in lipid and carbohydrate ,pmetabolism (Shaw
and Ra;ynll\,~~19681 Bergstrom et al., 1968). E type
;)roataglandins' ‘have peen found to be ',ltst’rong inhibitors of
lipolyﬁw .and hax .play a critical - therapeutic role' in
,pre\{efnt;ing‘ fat deponit-ion ‘in lj:vet .disease. Hepatocytes
have prostaglandin binding sites which appsear to,'be highly
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apecific for E zpe ‘prostaglandins. The . binding site,
however, does not differentiat:\g&’l from PGE, (Simigel and

Fleicher, 1974). Furthermore, thg binding site which
appears to be mediated by cyclic AMP cam be down regulated
in a manner similar to a receptor (Robertacon et al.,. 1980).
Recently, it was shown that isolated liver tissue have
a small, but finite, rate of prostaglandin production which
decreases with increasing age (Murota and Morita, 1980).°
Wheth.er these observations imply an in vivo steady state
role for hepatic prostaglandin production isg 'presently
unclear, An increased .concentration in the blood mighi:
imply an' incree’ased role for prostaglandins, vwhereas tl';e
opposite may ixgpiy a diminished role.  Since it is believed

that prostaglandins act mainly close to or at their site of

synthesis, changes in blood levels of prost“:’aglandins might .-

well reflect an alteration in its -clearance or metabolism
rather than of synthesis or release (Lifschitz, 1983).

Plasma measurements of prostaglandins in subjects witH
liver disease have been reported by only a few investi-
gators (Trewby et al., '}1975; Zusman et al., 1977; Loginov
and Markova, 1979). Trewby et al. (1975) have repor ted
extremely low ) levels of prostaglandin, E in patients with

acute fulminant hepatigc failure, In patients with chronic

liver failure; the prostaglandin E levels were also
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significantly redyced with respect to control values’

(Zusman et al., 1977y Loginov and Markova, 1979). Loginov
and Markova (1979). suggest that serum concentrations of
prostaglandins dependu on the severity of the disease.
Thus, in chroric hepatitis the levels of prostaglandin A
and E Wez"e unc?fanged in relation to the control group and
in livar cirrhosis it was decx;ease‘d. Since a close
relationship exists between free unsat‘.ur,ated fatty acids
rand  prostaglandins - synthesis, it was suggested that
decreased prostaglandin levels were caused by deficiency of
their precursors in rliver cirrhosis (Loginov and Markova,
1979). This was confirmed when an oral or intravenous
infusion of a solution wcontaining 70% linolenic acid
significantly raised the prostaglandin level in the blood
at the end of treatment. At this time, a rise in
concentration of end?genous ) prostaglandins accompanied
normalization of 1liver functions (Loginov and Markova,
1979). It has been speculated that patients with severe
liver diseagse  might be nutritionally deficient in certain
‘essential fatty acids (Loginov and Markova, 1979;
L}fschitz, 1983). “In exberimental gsettings, animals on
severe dietary restrictions have lower levels of prosta-
glandin production (Hurd et al., 1981). <Conceivably,

patients in severe liver disease could also have their rate

°

4':“‘
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of prostaglandin production 1limited by the severe dieta;y
restrictions (Loginov and Markova, 1979: Lifschitz, 1983).
Whether this phenomenon is in fact clinically important is
not known.

It has been 3suggested that exogenous proetaglandiny
administration may a‘lso have a beneficial effect- in 1liver
disease (Loginov and ™arkova, 1979; Dixit and Chang, 1982;
Chang, 1982). A recent controlled study showed that PGE)
injected into galactosamine-—induced acute fulminant hepatic
failure rats significantly increases survival time 'but not
the surviva} rate .in these rats (pixit and Chang, 1982).
Fur thermore, PGE5 also sign‘i/ficantly prevented the
development of brain edema (a major cSmplication in. acute
liver failure) in these animals (Dixit and Chang, 1985).
In ‘the few uncontrolled clinnical studies (on patients with
cirrhosis and ascites) involving exogenous prostaglandin
administration, no sigriificant improvements were seen in

- those patients (Lifachitd, 1983).

.
rim =
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1.4- LIVER-BRAIN IFTBRRELATIOHBBIP
The liver-brain interrela;iondhip, i.e, the notion
that the liver is associated with the brain and the mind,

. M
enjoys a myqteriousness that has puzzled physicians since

4
the beginnings of recorded medical literature. It is not
intended hdre to give a détailed treatise of the progress
made through the centuries toﬁnrdd elucidating heéa;o-
cerebral relatipnships.l‘ ﬁumeroua excellent books and
literature reviews are available in the ' medical litgfa?ure
E(Frgrichs, 1860; Adam; ddd‘ Foley, 1953; Brown, 1957;

’

Garrison and Pielding, 1961; Brown, 1970; Conn  and
Lieberthal, 1979). / O “ I
¢ Much has been wrfften in recent yadfd on the matter- of
! liver-brain relationships (Filcher and Baldeusarini, 1971:'
Hoyumpa ct al., 1979; zteve, 1979; Schafer and Jones, 1982;
Laursen, 1982: Crou-ley et al., 1983) The topic is highly
comple;’ "and controvereial, tegardlesa of the type of liver -
disease. sinde'this thesis d%ala primarily with fulmlnant
hepatid . failure (FBF), ‘the liver- rain relationahip will be
discussed in this cantext, unless 'otherwise indicated. A
detailed descrlptlon of FHF is given in a later section of
this thesis, For’the present, it will suffice to say that
FHF is an acute‘ disorder of _tﬁe‘}i;er invdividg massive

hepatocyte necrosis (Trey and,DaQidaon} 1970). The disease
r 2 &
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is characterized by a rapid onset with the development of
distinct neurological abnormalities, commencing with ‘
confusion and Bt;;or, which rapidly - progress to coma ahd
subsegquent dJdeath. The variQus grades of hepatic coma have
been dgscribed in Table 1.3. . Thus, fulminant  Thepatic
failure can result in _disturbances iﬁ all parameters of
liver and brain function.

‘The postulate in the liver-brain relationship of acute
liver disease is that the liver is the;initi#l seat of the
diseage and that the involyement of the nervous system
(i.e. the development of‘hepatic coma) is aeéondary.

»

The liver can be' considered as one of the .most

'important organs in the bgdy by the sheer multitude and

diversity ‘of ltq function., A brief sdmmary of iii numerous

Afﬁnctiopg is preacntbd'iq Taﬁlc l.4, It is evidentJ and row

generally iécepﬁgd\ that the liver plays ‘a key role in: '1)
sto;agq (glycogen),ga)r qxnﬁhénia (albumin, etc.), and 3)
detoxiﬁication .(metabolic) .functiona in the body.: _Any \
compromise in these 'functions, as is  seen in FHF, can
éresent‘ a potentially 1life thrga#ening situation. In PFHF
the  functioning liver biomass can no longer ’ﬁ?gyige these
essential liver functiopsa. Consequently, various toxic
metabolites or by-froductfp:ln build up ipr the blood. The

exact nature of these toxins is unknown at this time.
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Table 1.3

Description of “the various grades of hepatic coma during
gglactosa}t\ine-induced fulminant hepatic"failure in rats.

GRADE |

GRADE Il

GRADE IV

GRADE lll

_ MAY OR MAY NO

" VERY LITTLE Moz”ksm

\

.GRADES OF COMA

SLOWNESS IN MOVEMENT (LETHARGIC)
DIFFICULT TO DIAGNOSE IN RATS
SOME PILOERECTION

SLOWNESS IN MOVEMENT
DROWSY

. CONFUSION

\

! y

SLEEPS MOST OF THE TIME BUT s AROUSABLE
CONFUSION

RESPOND TO STIMULUS
MAY BE HYPERACTIVE AT TIMES
CONVULSIONS ‘

.
UNAROUSABLE
NO MOVEMENT
UNRESPONSIVE TO STIMULUS
CONVULSION |




2.
3

2
8.

10.
11.

12.
13

14.
15.

17.
18.
19.
20.
21
22,
23,

24,
25,
26.

27.

28.
29.

.. The metabolism of copper-albumin frictions.

Table 1.4 : .
Functions of the Liver

The formation and excretion of bile acids.
The formatfon and excretion of bilirubin.
The metabolism of nutrient substances.

." The conversion of glucose to glycogen and the reconversion of

glycogen to gl ucose.

The storage df glycogen. ' %

The synthesis of urea.

The formation and miintenance of serum proteins..

The metabolism of 1ipoproteins.

The metabolism and esterificatjon of cholester’o*l'.

The metalization of proteins. ‘

The amination, deamination,: transamination of proteins, amino
acids and peptides. - .

The ‘metabolism of' hormones. ,

' The mtabolism of phosphatases, oxidases. dehydrogenases and

other enzymes.

The degradation and resynthesis of, hemog'lobin.

The metabolism of prothronbin. throubi n and other blood
coagulation factors.

The metabolism of ceruloplasmin.

The metabolism of 1ron.

The metabolism of zinc. ) '

The neutralization of foreign metals.

The formation of 1ymph.

The metabolism of porphyrins

The detoxication and inactivation of metabolic waste and foreign
materials.

Reservoir of blood.

Water and, electrocyte metabolisn. )

The metabolism of ammonia. o

The metabolism of mucoproteins.- ‘ o
The formation of antibodies. , )
The metabolism of vitamins A, B, C, D, E, K.,
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1.4.1 Postulated Mechanisms Implicated in the Livu‘-—Bralin
Intorrolationohip During Liver Failure

When consﬁe:ifng the , enigma  of hepato-cerebral
relationchip: during acute liver failure there appearsj to
be no general agreement as to the mechanism of action (Conn
and nioi:orthal, 1979{ Zieve, 1981; Pisher, 1982; Schafer
and Jones, 1982; Jones et al., 1984) Conn and Lieberthal
‘aptly concluded, following a roview of this topic, that

“when one is finished reviewing all

ponible mechanisms
for the biochemical pathogenesis~(of h.e_j_;atic sncephalo-
pathy) one is left with no completely uthlfyin'g answer and
. a numbdt of quite unsatisfactory ones’, ,

What is clear, howcvor, is that follpwing acute | liver
damage, characteristic andl progrqgsive nourological
abriormalities and er'xcepha.lgputhy develop. Whil,c it is
clear that a normally functioning ’1ivor is nocouary to
maintain normal brain functionc, the mchaniiﬁ“by ‘which ~ the
liver . fulfills these - vital functions  is unknown.' It was
'ono‘e believed that the liver may produce a 'substance (othcr
than vluco-e) which is necessary for the maiwtenance of
normal brain functions. It was found that incluaion of the
liver into a cat ' brain perfusion circuit increaud f.hn

survival time of the Dbrain prnparation' (G‘:lgor “and

Yamasaki, 1956). More récently. howsver, carefully

v
-~
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.controlled cross-circulation experiments in rats indicated

that brain function of liverless rats 1mﬁroved more rapidly -

when their aortic blood was infused into the portal vein

-(lprQmic-portal croes circulation) rather than into the

jugular vein (systemic-systemic cross circulation) of a

normgl donor rat (Roche-S8icot et al., 1974). Thus, if

. hepatic' coma was due to a lack of substances produced by’

the liver the two would be equally effective. Hepatic coma

- .seems more likely to be related to failure of the liver +o

‘remove some .toxic ' substances -that are endogenously

pﬁoduccd. For some time, ammonia had been considerdd iho}
prime candidaéhl Howsver, despite sg'rxigh levels of ammonia
in the blood’of‘paticntg with liver failure, there is only
an app{pximatc correlation betwéen this 4nd the dapth‘ofu
coma (Conn and Lieberthal, 1979). Althoqgh _it may be an
important <tactor, ammonia -"does not seem to induce comﬁ

dirnctl} (Cole et al., 1972).,"rurth.}mofo[ the - ;1cc§ro-

encephalographic chang;n introduced by hypd:-amnodia in

C

' rats does not .rcuamhlé‘ those seen .in the galactosamine .

induced FHF rat model (Pappas et al., 198&).:,

There is at pri:ent no concensius as to which “toxin*
Ar metabolite mcdiatcn the neurological alterations in
liver failure. Various theories have been proposed as
foilowqx | ‘ "

! T
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1.4.1. 1 Thoory of Synergism - e 3
:This thaory ‘has racently been revicwed in great dcpth
by -its founder (zieve, 1979, 1981). Briefly, it states

that  in  hepatic failure various “toxic" (4.e. those

molecules with coma pioducing potential) substances (e.g.

ammonia,  mercaptans, atiy acids, and phenols -- all of

.which are glovqtcd in 1liver failure) can accumulate and

interact synergistically to , produce. ‘ndurclogical

altorat£on¢ hn& com?;z Accumulation of ammonia, and "its

cttoctl on the central norvoul lyltem are central to the -
‘-ynorgiqm ‘hypothtlig. Such a hypothosin is aifficult to
‘prove or disprove. . thontly, howuvnr. an electro-

encophalographlc analynil of comatonq ratn in liver failur-..w1

found no :upport for this hypothtnil (pappal ‘et ‘al., 1984)
1. 4.1 2 The False Neurotransmitter Bypothcsil |
The falso neurotransmitter hypothelii of- Thepatic
encephalopathy was . introduced in 1971 'by Fischer and
Baldessarini. Th; primary abnormality is thought to be an
altcratioﬁ in amino acid metabolism which results in
alterations in brain neurotransmitters. According to this
theory, 'nubqtanci} such as octqpamino, formed by bactotial‘
action in ¢hk colon, functioned as weak or fal;o neuro-

transmitters replacing the true transmitters, norepinephrine

[ B !
1

- 48 -



A’:

. and  dopanmine. Blood levels of octopamine are indeg9~,
Jincieayad in liver failure and correlate approximately with
the, degree of‘ coma (Manghani et al,, 1975; Chase et al.,
‘1927). In liver_Afailurav the plasma concentration of.
arématic " amino acids '(terlino{ phenylalahino; and
tryptophan) increases in relation to that of the branched
chaiﬁ amino acids (valine,; isolcucine,r'aﬁa leucine) an&
this would augment the 1nhibi£6ry effect by increasing the
cerebral ugpthaais of false ‘neurotransmitters, e.g.
oétopamino. with a}doficicgcy of the true neurotransmitters
norepinephrine and dopamine (riléhor;w 19757 Bloch et al,, -
1978; James et al., 1979) (Pigure 1.8). Tﬁc arousal effect '
of levddopa and th bonof@cial effect of the dopamine
against bromocriptine in patients with hepatic coma would
suppor+t. thia ‘ﬁypothosiu (Parkes et al., 1970). However,
thcri, is strong negative ovi&onco indiciting that
" intraventricular ;njcction of octopamine, in ‘ quantitioi’
sufficient to cause considerable depiotion of brain
norepinephrine and d&pamine relultedi in po change of
consciousness  (Zieve and Olsen, 1977). PFurthermore, a
recently completed controlled study' on the infusion of:
branched-chained amino‘ acid to c&froct the amino acid
imbalance - (alterations) in liver failure }mdicated"_that

‘this treatment neither improves cerebral function:or

'-‘ ‘ -49-’
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decreases the - mgrtality of patients with  Thepatic
encephalopathy (Wahren et al., 1583). thus . ra{sihg further
doubt over this hypothesis.
N . )
1.4.1.3 Middle Molecule Hypothesis
Many inveatigators have  thought that *middle
molecules” or substances paving a molecular weight betwee;
500-5000 Daltons may be‘ responsible for the neurological
\\'Bl£ara£ionn observed during FHF (Chang and Migchelsen,
1973; Opolon et al., 1975; Denis et al., 1978; Leber et '
al., 1981; Contreras et al., 1982; Crossley et al., 1983).
It has been poa%ulgted' that build up of these and other
toxic ‘@olcbulaa mayu be the underlying reasons for the
development ;f hepatic coma (cn;ng‘ and ' Migchelsen, 1973;
Holloway et al., 1979; Zieve, 1979; Chang and Lister, 1980,
1981; Gaguer. at ;1., 1980, Hoyumpa' and Schenker, 1982:
. Crossley et al.,: 1983; :Dnni- et al., 19837 Shu and Chang,
11983). | Justification for 'this lies in Chang's initial
ob-ervition (LQ?%)‘ that charcoal hemoperfuiion (i.;: the
peffusion of the patient's blood through an extracorpor§31
column ucontaining acgi%ated charcoal) reésulted in the
_complete recovery of consciqusness in patieﬁtl'with grade
v hep&tic coma (Table 113);V These first obsarvation; by

Chang (1972) hava:since'been‘confirmcd at various centres
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world wide (quzard et al,.,, 1974; Blume et al., 1976;
Chang, .1976; Sny;inar. 1977; Amano et al.; 1978; Bartels,
'1978; Gelfand et al., 1978; Krumlowski et al., 1978; Odaka
et al., 1980; Agishi et al., 1980). It has been suggestgﬁ
that the succes; ‘of treatment by hemoperfusion may be due
to the removal of  middle molecules and other 1loosely
”protein-bound molecuies to \resﬁlt in tﬁe reversal of coma
{(Chang and Migchelaen,‘ 1973) . aécently, microencapsulated
activated charcoai,'haa been ' demonstrated to significantly
remove middle mol;culés ;ﬁd ‘other ‘toxins .implicated in
liver failure (Chang and Liste;,‘1980, 1961; shi and Chang,
1982; Nishiki et al., 1984). 'Thus, it is possible that
middle molecqles and/or otherimoieculea may play a: role in

the development of coma in liver failure. ° g o

1.4.1.4 The Gamma Aminobutyric Acid Hypothesis
The gamma-aminobutyric &cid (GABA) hypothesis is

currently the front runner among the various explanations

" for cerebral alterations during liver failure. According

to this hypothesis, GABA, which 1is produced by bacterial
action in the gut, contributes to neuroinhibition (after
grossing the blood-brain barrier) by a process of post

‘synaptic inhibition (Schafer and Jones, 1982; Jones et al.,

1984). GABA, a potent inhibitor of single neurons (Krnjevic
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and Phillis, 1963), is thql principal inhibitory neuro-
transmitte? of the mammalian brain; 25 - 45% of all nerve
endings are GABA-ergic (Roberts et al., 198l1). Recent
" - evidence obtained from the galactosamine-induced FHF ‘model
in rabbits stronély supports this hypothesis' (pappas et
al,, 1984). It was seen that the gatternAof post synaptic
neuronal activity in liver failure and coma was similar to
that in barbiturate and - 5enzodiazgpine induced coma
(8chafer et al., 1984). These drugs induced their
inhibitory effects by interacting with.binding sites on the
GABA receptor complex on poq? synaptic .neuromembraneé. The
number of binding sites for' GABA and benzodiazepines on
postsynaptic neurons is greatiy increased in liver failure
(schafer and Jones, 1982). Furthermore, those with overt
hepatic encephalopath} tend to have very high GABA-like
activity in their serum (Frenci et al., 1983). These
observations lend further support to the GABA hypothesis
and may explain the increased sensitivity of patients with

cirrhosis to barbiturates and benzodizapines.

1.4,1.5 Other Theories

Other theories, such as the one currently being

developed at King's College by William's group (Crossley et

al, 1983), implicates that a multitude of as yet undefinéd
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potentially toxié, molecules (which are elévated in liver
failure) mediate permeability’ changes in * blood-brain
barrier +t0 enhance the neurological abnormalities occuring
in liver failure (Zaki et al., 1983). In some ways it
resembles the synergism hypothesis of Zieve (1981) but it
also implicates the evolution of cerebral edema as a major
factor for the neurologica} alterations. Cerebral edema is
a major and frequent complication in hepatic coma (wWare et
al., 1971). It has been suggested that accumulation in the
blood of toxic  substances, ndrmally metabolized by the
liver, may interfere with the main}enance of transmembrane
ion gradients  necessary for normal neuronal activity.
Ammonia, along with other “toxins" and “"middle molecu;:s'
which may be involved in the cerebral distjrbances during
tiver failure, have been shown to inhibit NatKt-ATPase
activity (Foster et al., 1974; Seda et al., 1984). These
toxins  have recéﬁély been shown to also affect the

LY

permeability of the blood-brain barrier in experimental N
acute liver failure (Zaki et al., 1983, 1984). Thus, the
inhibitory mechanism in the brain may be attributed to the tp
increased permeability of the -blood-brain -~ barrier to ~
“toxins" A normally excluded from the brain by an intact

blood-brain barrier. Additionally, a similar inhibitory

-~

-
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(i.e. mechanism NatK*-ATPase inhibition) could also leaci to
concurrent development of 'brain edema to further complicate

hepatic coma in FHF (Crossley et al., 1983a).

IL THE BLOOD-BRAIN BARRIER IN. LI{IER DISEASE

The titi.le of this section is rather broad, at least in
terms of the area it gncoxﬁpasses. . It i8 not intended  here
to pr;sent an indepth treatise on the phys‘io\ioogy of the
\blood-brain barrier (BBB), rather a  Dbrief description
relevant to this thesis will be presented. BSome excellent
recent reviews on this topic hévé been published (Rapoport,
1976} Gd'idét:gin et al., 1976; Parndrige and Oldendorfg,
1977:" Li“ving.stone et ‘al., 1977; Horowitz et al., 1982;
Laursen, 1982; ‘Bradbury, 1984). ’
1.§.1 The Blood-Brain Barrier: — Structure and Function

The concept of the blood brajin barrier (BBB) developed
from the initial observations by EhrlichA (1885) and
Goldmann (i909) that intravenous injections ”of certain
. analine 4yes and trypan blue re'sulted ‘in the' vital staining
of varfous ‘qrgans e:tcep!: the brain. No;w, nearly a century
. agter, the physical entity of-the blood-brain ‘_barrier has
b;e“,en defined and is described as, a i‘egulatory inter face

. between the blood and the nervous system. The barrier '

t

.
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existg in the choro‘id plex‘us and essgsentially all areas of -
the brair? pgrench'yma except the hypothalamus. The blood-
brain barrier comp?wgs <qf capiilafy endo thelia tor
‘epithelia qf, the<"choroid plexus) joined tog’eth'e).: by tight
junctions that restrict intercellular diffusion. ~ In
cerebral ;é)l;od wessels ;ﬁe'as‘troeyte endfeet circumvent the
entilre vascular surface. Thus the astrocytes are also an
important component to the structure as well as function of
the blood-brain barrier (Zul«&::h, 1967; Laursen, 1982).
Lipid-soluble Isolutes easily penetrate plasma membranes and
also, equilibrate rapidly between blood and brain.
Lipié—insoluble nonelec trolytes and ‘proéeins enter " the
brain (by catrier." mediation) from the“ blood much moré
slqyly than they enter other tissues i(Rapobort, 1976).
Thur:; far, eight independent carrier systems which mediate

the influx of’ essentialo%ubstrates into the brain have been

identified as follows (Pardridge and Oldendorf, 1977):,

1)’ Hexoses: "Glucose transport through the bleod-brain
barrier is saturable, stereo~-specific, 'and sodium
independent. It is neither active nor energy
dependent. *Other' hexoses competitively inhibit glucose
transport. Since the transport capacity (Vpax) for .all

s

hexoses is constant, the movement of the carrier
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through the membrane, not. the sugar binding, is the

rate li-miting step. The glucose cartier is ‘half
saturated at a serum glucose concentration of 7mM‘. A
f(all below -this value will lead to a proportionate fall
i{n therate of glucose entry into the brain and may lead

to hypc;glycemic brain damage.

Amingﬂ,hcic}s (3 systems): Amino acid transport across

the blood-brain barrier is mediated by facilitated
t

"diffusion, a process that is equilibratory (i.e. not

con'centta_tive), sodium and eneﬁrg;-independent, and
stereo specific, Because the  amino acid transport
activities of nerve and glial cell membranes are much
greater, it has been inferred that tranaﬁ across the
blood-brain barrier is the rate limitirig step in the

supply of amino acids to the brain. Three independen*

!amin'o acid carriers have‘been identified for: a)

Acidic Amino Acids -- glutamate and aspartate; b) Basic
Amino Acids -~ arginine, orni?’thine, and 1lysine; ¢)
Neutral Qx_nino Acids -~  phenylalanine, tyrosine,
tryptophan, valine, - leucine, isoledcine, histidine, and
threonine. The fat":e of entry of any particular amino
acfd is strongly influenced by the presence of the
other competing amino acids (Rapoport: 1976). |

i “ »

o
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.4) Purine chpouné-

- .

3) Monocarboxylic Acids (e.g. lactate, pyruvate or ketone .
bodi'gl): A carrier mc'diat.cd, saturable, and stereo
- gpecific xt;anspoft meéhanism system. Transpo;-.-t of
lactate is inversely propoz:tional to the pH.

“] These have only recently been

K 4

(e.g. adenine) discovered and also appear to

gg Amines (e.g. choline) be saturable and eriefdy—

6) Nucleosides ~ indepertient processes

(e.g. adenosine) | (pardriage and oldendorf, 1977)
1.5.2 Blood-Brain Barrier ABnomaigE;.u in Liver Failure

Because of the extremely sensitive regulatory nature
of the blood-brain barrier, it has been suggested that it
can be a vulnerable site in various Jdisease states
(Pishman, 1975; Rapoport, 1976). This is especially so ‘Iin
liver disease (FianYIO;I', 1982; La’urun, 19827 Hawkins et
al., 1983; Goldstein, 1984). '

It is now well recognized that the bloed-brain ,barrier
is damaged, or at least its permeability is aignfficantly
altered, during acute liver failure (Livingstone et al.,
1977; Horowitz 'et al,, 1983; Zaki et al., 1984). No single
“toxin" is likely to account‘ for these features. i Elevation.

of water soluble toxins such as ammonia and amino acids, as

-

— )
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/ well as lipophilic toxins such as phenols, fatty acids, and
mercapt&‘ns have all been reported in liver failure (Jq;nu
Tot al., 1979; C}mng and Lister, 1980; Zzieve, 198l1; Denis et
al., 1983)‘. E;urthci:. these toxins can also alter t,he.
permeability of the blood-brain bax-:'rieyr (Zaki et al., 1985).

Using . a partial hepatectomy model of- liver failure,
Livingstone et al. (1977) demon{trated that the blood—bra%
barrier had become permeable r\to D-sucrose, insulin, and,
L-glucose (substances normaily prevented from crossing the
blood-brain barrier) in comatose animals. These results
were refently confirmed using the galactosamine-induced
fulminant hepatic failure model in rats (Zaki et al.,
1984). Furthermore, these studies also demonstrated an
increased b;Eod—brain barrier permeability wzto amino acids

o ,
.in

in liver failure. In this same model, Db

A rabbits ’

3

Horowitz et al. [(1983) used radio labelled . isotopes to
demonstrate a generdl, or non-specific inc‘i'eane id  perme-
ability of the blood-brain barrier (in the gray matter)
“which precegded the development of overt encephalop;i:hy.

q | In other studies, Hawkins et al. (1§83), using elegam;:
é;uemtitative autoradiographic techniques, have demonstrated
increased brain uptake of anmino acids in practica;lly all
| regions of the ’b{;ain during liver failure. It was
sugig&stéd tl;at‘. increased uptake of amino acids may have

&

Al
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been due to an increase in the ti:ancport carrier density in

the cerebral capillaries.
! Thus far this review has been limited to permeability

changes of the blood-brain barrier during liver failure.

The question of total barrier breakdown during liver .

failure is controversial (Ousafor, 1983; Crossley et al.,
. 1983b). Livingstone et al. (i977) have reported“ that
intravenous trypan blua (normqlly excluded from the brain

due to an intact Dblood-brain barrier) rem’xlted in total

lta‘ininé of the brain” in .1aton stages of liver failure and

coma. Others have not obgervod such changes (Hawkins et
al,, 1983). Differences in experimental nodels and time of
sampling (i.e. at a particular stage of liver digease) may
account for‘ueuch differences. In the experimental as well

as clinical situation, osmotherapy (using mannitol) for

cerebral edema  has shown benefit in some but not in all

cases (Hoyumpa et al, 1979; Zimmerli et al.,, 1981; Canalese

et al,, 1982). This implies that osmotherapy may not

reduce brain edema in those cases with damaggd blood-brain

barrier, Time of treatment (i.e. in early or terminal.

stage of 1liver failure and coma) may also account for these

observations (Bde et al., 1982).

- - 60 -
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1.5.2.1 Brain Ed%)in Liver Failure

Brain edema is best defined as an increase in brain
volume "ov}l{gg, to an increase in its water content (Fishman,
1975; Rapoport, 1976). Thus, the integrity of the b'lood-
bra:ir} barrier is the major factor in the mediation of brain
;dm. Chemical of bhynical 'injury to the blood-brain
barrieér can result in its permeability changes or even
total barrier breakdov;n (Rapoport, 1976).
| Brain edema may Dbe classified as being either
cytotozic or vasogenic ip ofigin (Klatzo, 1967). The
former implicates a m‘etabolic ‘origin (possibly due to

metabolic endotoxins etc,) involving cytotoxic. damage "to

‘the membranous components of the blood-brain barrier (i.e.

capillary endothelium and its supporting astroglial cells)
to cauut intracellular edema. The latter suggests physical
or traumatic injury to the cerebral blood vessels, causing

leakage of plasma proteins into the extracellular region of
-

the brain, to result in extracellular edem%‘igun 1.9).

-~ .

N

The developmei'lt of brain edema is-~ perhaps the major
and most frequent complication in fulminant hepatic failure
(FHF) (Wire. et al., 1971; Murray-Lyon et al., 1975; Berk
and Popper, 1978; BEde et al., 1982). In patients it l“'xal‘

been implica_ted as an immediate cause of death, possibly.

-
due to uncal and cerebemon (Pirola et al., / .

y — 61 - , . o



Figure '1.9: Schematic representatich of the develgjpment of
various types of brain edema, "A" depicts the normal
situation, "B* depicts changes in permeability -of the
endothelial cells and tight junctions of the capillary wall
in vasogenic Brain Edema. "C* depicts swaelling -of the
endothelial, glial, and neuronal cells during Cytotoxic
Brain Edema (modified from Fishman, 1975). ’

- A .
- he - A

- 62 -



Filtrate

Escaping
Plasma

TYPES OF BRAIN EDEMA

-
0
. 0
. [
; .
L Y
'S
v
r N
3 2
< o
- -
e
! >
.2"\
2 € =
| : 5
W 8;:
~ ""§ .
- °
S H
E
]
. . ©
‘ c
w —
> 4
-! -
a
-]
U'

]
o0
w

i

Y



R e

S

o/
1969)'. Recently the develol;ment of brain edema has ©been
implicated as a possible !j‘actor in the pathogehesis of
hepatic coma (Crossley et al., 1983a; Goldstein, 1984).
This, however, has yet to be proven. ‘

The pathogenesis of brain edema during FHF is still
obscure. Injury to the blood-br';in“ barrier Thas, been‘,
suggested - to be a primary defect in the genesis of brain },
edema (Livingstone et al., “1977;, Zaki et al,, 1983). Using
a partial hepatectomy modei of FHF, Livingstone et al.
(1977) and more recently Potvin et al. (1984) ' have, .
dgmonatrated increases [in the passive 'permeability of‘ )
substances normally exclyded from the brain by an intact
blood-brain barrier., ’ Anothex group, Zaki et al, (1384) has
reported similar “finds‘usi/ng the galactosamine-induced FHF

rat model . Bo of . these groups conducted their

experiments duringAithe ‘terminal stages of - FHF (i.e. Gradas
III and IV hepatit coma) and have implicated the existence -
of vasoéanig component for brain‘j edema 'in this stage ’ of
liver failure. .e‘ existence of a \{:sogenic mechanism for
brain edema formation is in contradiesion to . experimental
a.nd clinical observations where osmotherapy using mannitol
have demonstrated beneficial effects  in ameliorating
cerebral edema in Fl;F (Ziml’l‘lel‘“l'lh et al., 1981; Canalese et

al., '1982),. ; '

%I - cee- -



nUsing a galactosamine-induced FHF model in - rabbits,
Horowitz et al. (1983) have demonstrated permeability
changes in the blood-brain barrier even during very early
stages (i.e. before the development of "overt hepatic
encephalopathy) of liver failure. It ,is pessibie that
cytotoxic damage to the blood-brain  barrier may be
media ting t:h/ese changes in barrier permeability. Recently
°Soda et al. (1984) have demonstrated that serum from FHF
patients inhibited rat brain Na*K*-ATPase activity. Thus,
toxins of 1liver failure could affect the blood-brain
barrier and neuronal cell ’'membranes, resulting. in
inhibition of Na*k*-ATPase and intracellular edema, or

é 3

cytotoxic edema. .This is as yet unconfirmed, as no direct,,)

. evaluation of the integrity of the blood-brain barrier ijas

been doneg,during early stages of liver [failure.

4

Thus, various groups have examined the existence of

brain edema in FHF, These studies were performed during

»

very early or late atages of 1liver failure and coma.

,Cpntrglled studies evaluating the genesis and development

of brain edema ‘during progressive stages of FHF are lacking.

J
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1.6. FULMINANT HEPATIC FAILURB

Fulminant Thepatic failure has been. a subject of
several recent exce].\lent reviews by ronowned specialists in
the field (Berk and Popper, 1978; Silk and wWilliams, 1979;
Saunders et al., 1979; Jenkins and Williams, 1980; Knell,
1980; “ Jones and SCimafer, 1982; williams, 1983). The
condition is defined as a clinical syndrome developing as a
result of massive necrosis 6f liver cells in patients with
no previquw evidence of liver diseaa'e (Trey and Davidson,
1970). It 1is characterized by progressive and severe
Mm;ntal changes.'starting with cqn\fua;‘ion and oftelz]. raﬁidly
advancing to stupor, coma and death. A gradi:g of‘ the
various, stages of c;ma is shown in Table 1.3. The
mortality in FHF is high and increases with age.. FHF is
also notable because it is associated with gross bio-
chenical disturbances. These arise due to not only impair-
ment of hepatic. synthetic processes but also failure of the
normal detoxification and excretory functions of the. liver.
Apart from --their obvious involvement in the pathogenesis of
hepatic coma, the biochemical malfunctions fnay form .the
basis of the various secondary complications (e.g. brain
e’d;ma, blleed'i.ng, infection, etc¢.) that frequently occur in

FHF (Ware et al,, 1971; Murray-Lyon et al., 1975).

3
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- for a suitable animal model ¢f FHF is_-of utmost importance.

Lack of reliable epidemiologic data suggests that
worldwide, the most frequent cause of FHF in the past may
have been yellow fever, and that today one of the most
frequent causes may be hepatitis B (Jonea and Schafer,
1982). At King's College, Liver Failure Unit, the most
frequent cause of FHF has been reported to be paracetamol
overdose, taken with suicidal intent (williams, 1983).
Other causes of FHF have been associated with acute fatty
liver of pregnancy, and other drug related liver injuries.
l.é.f\ Animal Models of Fulzinani Hepitic Failure

The syndrome of fulminant hepatic failurg ( l;HF)' is one
of the most challenging in clinical medicine. FHF with

Grade IV hepatic coma is associated with mortality\

rates of
about 80 to 99 percent (Trey and Davidson, 1970; -Rueff and
Benhandn, 1973; Berk and Popper, 1978). Excluding standard
intensive care, there are no general agreements in forms of
active therapy (sStarzl et al., 1983; Chang, 1984). Thus,

in order to gain a better understanding of this. condition,

as well as evaluate appropriate treatment regimens, a need

¢

-~ 67 -



bt
p .

1.6.2 Requirements of an Animal Model of Fulminant Hepatic
Pailure .

In order to obtain a suitable animal model  of
fulminant hepatic failure, it is important to define the
requirements of such a model, FPive basic requirements have

been described in the literature (Terblanche et al., 1975).

1) Similarity to human condition: A selective hepatic

lesion (injury) should be produced which gives rise to

death from liver failure, after a suitable time
intdrval which is sufficiently long to allow experi-
mental investigations to be carried out. The mortality
rate should be comparable to that in human fulminant
hepatic failure.

2) Reversibility: The hepatic failure proched should be

< !

potentially reversible to enable the ahimal ‘to respond
and recover with suitable treatment.
? ) Reproducibility: The biochemical, neurological, and
‘ ‘pathological (i.e. secondary complications, nnorta.lity,
etc.), changes associated with 6 FHF, should be

consistent among animal groups. .

Kl

4) Large animal model: The animal shculd Be large enough
to allow for repeated samplinc_} (of Dbldod, etc.) and
enable the evaluation of experimental prdceduré; to ' be.
applied d}reétly to man. - o

A :
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5) Safety to personnel: Any drugs, techniques or' micro-
organisms used should endanger: minimal risk to
laboratory personnel.

—

1.6.3 Availapie Animal ‘Models
Ba: ically, there are two groups of azailablé animal

models that have been extensively used in the study of
experimental fulminant hepatic failure. These are:

1) Surgically-induced model of FHF.

2) Drug-induced models of FHF.
A third group consisting of virus-induced models, e.g.
murine hepatitis, has not been extensively studied. The
contribution of viremia and possible neurotropic properties

of the agent remain to be evaluated. "

1.6.3.1 ‘Sui‘gi‘c/a].—ll.y-lnduced Models of Fulminant Hepatic
- Padilure .

Among the surgically-induced models of FHF basically
three types exist: 1) anhepatic model (total hepatectomy),
2) partial hepatectomy model, and 3) devascularization

model .

1) Anhepatic models: First described by Mann and Magath
(1922), this model has been extensively studied by various

groups (Terblanche et al., 1975; Livingstone et al., 1977;
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Potvin et al., 1984); hl) ever, because a tot’al hepatectomy:.
is pe.rformed the model doez not ;neet 3:.hle requirement of
reversibility. Furthermore, the absence of damaged liver
cells make this model fundamentally different from human

fulminant hepatic failure.

A
2)partial (two-thirds) ,Hepatectomy: This model has also

been extensively studied in various laboratories (Bollman
and van Hook, 1968; Starzl et al., 1980; Ryan et al.,, 1982)

and has been reported as a suitable model of FHF. However,n
- the absence of d?xnaged liver cells (i.e.. necrotic 1liver
tissue) within ;he body makes this model significantly
different from most forms of human FHF. Nevertheless, its

reproducibility and reyersibility make it a suitable model

for studying FHF. -

3) Devascularization Model : Complete hepatic
devascularization (i.e. complete deprivation of the blood
supply to the liver) also produces a non reversible model,
like the anhepatic models, and the graded hepatic ischaemia
lacks reproducibility (Rappaport ;at al., 1953). This makes
it an wunsuitable model of FHF. Recently, with improved
surgical techniques, temporary or partial devascularigation

has been successfully produced in the pig and other

-~ 7 =
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laboratory animals (Denis et al., 1983) and has been
demonstrated to 'be a well reproducible and satisfactory

«

animal model of FHF. - ?

<

~

1.6.3.2 Drug-Induced Models of’Fulminant Hepatic Failure .

»
-

Among the dr“lﬁiinduced animal models of FHF the 1)
carbon tetrachloride model, and 2) the Géiactosamine model
have been "“e.xtensively studied. _ Another, model, the

Z-/selectively

Dimethylnitrosamine model,  has also been

studied.

.

l) Carbon tetrachloride model: The carbon tetrachloride

model for producing PHF was first developed by Trey et al,
4

(1969) in the monkey. It has’ now been suc‘éessfully

Pl

regroduced in several species ‘including the rat a\rld pig
(van Leenhoff et al., 1974). Carbon tetrachloride produces
liver damage in two stages in which hepatocyte necrosis .is
preceeded by a marked lobular degeneration. Although this
‘r'nodel has been shown to be reversible, reproducibl®e, and
presenting features similar to human FHF, the popularity of
the model is controversial.. Carbon tetrachloride is highly

volatile, making it very hazardous to laboratory personnel.

Fur thermore, the fact that carbon tetrachloride is knoho B

[
also injure the lungs (by causing pulmonary edema, and .

s N
v e
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respiratory failure), and kidneys makes it unsuitable for

use as an ideal model for FHF (Saunders, 1979; Chirito et

‘1., 1978)'. - - N
vy

2) Galactosamine model: The galactosamine-induced FHF
model is currently considered the one which most closely
resembles human fulminant hepatic failure in practically

all major aspegis (Saunders, 1979). This model has been

- well characterized and has been studied in a variety of

animals at varilous laboratories w‘rldwiée (Decker and
Keppler, 1972; Pickering et al., 1975: Blitz;r et al.,
1978; Chirito et al., 1978, 1979; Niu et al., 1983; Zaki et
al,, 1984). It has been used extensively at ' thev Artifiéial

Cells and Organs Research Centre, McGill University, as a

-FHF model for the studies of artificial 1liver support

systems (Chang, 1972, 1975, 1981, 1984; Chang- and Lister,
1980, 1981; Chang and Migchelsen, 1973; Chang et al., 1978;
Chirito et al., 1977, 1978, 1979; Dixit and Chang, 1981,

!
1982, 1985; Mohsini et al., 1980; Shi and Chang,”1982,

1484a,b; Shu and Chang, 1981, 1983; Tabata and Chang,

1980). The hepato-specificity of galactosamine was
confirmed reéeﬂtl»yl!y Horowitz et al. (1983) at the N.I.B.,'

who \ conclusively demox;strafed that intravénouély
admigKte(red radiolabelled galactosamine was totally (100

percerit) taken i:p in the liver within two hours f°

- 72 -
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administration. Virﬁ'?mll'y\ none of the hepatotoxin was
’ . ' . ‘
locali‘fed in the brain, kidney, or in other organs tested,
In rats, galactosamine induces maximum livgr injury 48

k)

hrs. after its administration (Decker and Keppler-, 1972;
. L4

Chirito et al., 1979). During this time animals dev?p a

characteristic 'l’u&pin.*t:l.‘i~ encephalopathy as follows: Erade I

coma -- lethargic movements an\d behaviour, Grade II coma --

‘confusion, stupor, but awake; Grade 1III coma -- sleeping

most of the time but arqusable, occasional convulsions;.
Gx;ade IV coma -~ unarousable ar;d unresponsive to ;:ainful
stimuli (Chang et al., 1978). Death follows rapidl§ after
tgis stage, often precgeded py severe convulsions and.
behaviour resembling decerebrate rigidity. Changes in the
biochemistry, histology, and hematology have been desc;iﬁod
and closely resemb}s human FHF (Blitzer et al., 1978
Chirito et al., 1978, 1979). '

The biochemical basis of galactosamine hepato;;oxicity
lies in its metabolism by the hepatocytes. The primary
lesion results from the rapid depletion of hepatic uridine
nucleatides (UMP, UDP, and UTP) due to the formation of
uri;line derivatives of galactosamine. T}%a leads to a
secondary lesion which results from defects in macro-

molecinlar  glycoprotein synthesis, giving rise to
P

progressive orgﬁnbllé’ injury (wpainly in the cell plasma

»
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membrane) and subsequent cqilulpr necrosis (Decker and

xo/pplor',» 1972; El-Mofty et al., 1975). a

- An alternate, concurrent, extrahepatic pathwag for
galactostlmine-indg.\cod liver necrosis hais ) also "been
described (Liehr et al., 1978). According to this pathway

galactosamine is considered to act:lvai’;a a series of extra-

hepatic events rasul&ir}g in histaminemia, endotoxemia, and -

complement activation. Synergistically, these mef:hanilma
19ad to inflamation and 1liver cell necrosis. A I::mary
.outlino gt the possible' events lqadlng to galactosamine-
induced hepatocyte necrosis is given in Pigure 1.10. |

The galactooamine—ind'uc':ed fulminant hepatic Yailv;xrc

' model meets all the requirements for an ‘appropriate animal

model as outlined by Terblanche et "al.. (1975) (cf. section -

/
I.6.2 above). It substantially répresents human FHF in its

clinical and biochemical mipif.otationc, it {s reproducible

and potentially reversible, and not hazardous to laboratory
¥ L

» \‘l\

personnel.
‘ 8

3) Dimcthylnitrosamino .models The description 1of thi;
model lfc;r the study ofl liver failure was first reported by
Barnes and ﬁagu in 1954. since then dimethylnitrosam/;fxo
has been shown to be a selective hepatotoxin ' which ,prod/ucu
acute cgn_trilgbular necrosis of ,the liver in a variety of

animals includi:hg mice, rats, guinea pigs, rabbits and. dogs

P
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G‘ALA‘CTOBAMlNE INDUCED FULMINANT HEPATIC FAILURE

’

CLOSELY RESEMBLES HUMAN FHF

PRIMARY LESION IS CONNECTED WITH METABOLISM OF GAL N
MEMBRANE INJURY SECONDARY TO ALTERATION OF

fAL N INDUCED BIOCHEMICAL 3EFECT IN GALACTOSE PATHWAY

-

PRIMARY LESION: GAL N — GAL N 1 PHOSPHATE —— N
FORMATION OF UDP DERIVATIVES OF GAL N,
DEPLETION OF HEPATIC UTP UDP-GLUCOSE
UDP-GALACTOSE

SECONDARY LESION: DEPRESSION OF URACIL NUCLEOTIDE-DEPENDENT
. BIOSYNTHESIS OF MACROMOLECULES (NUCLEIC ACID,
GLYCOPROTENS, GLYCOLIPIDS IN MEMBRANES,
GLYCOGEN) —— ORGANELLE INJURY IN VIABLE CELLS -
—— NECROSIS OF THE LIVER

-~

ALTERNATE (EXTRA HEPATOCELLULAR) PATHWAY :

' GAL N ; DEGRANULATION OF MAST CELLS ——. 3

HISTAMINEMIA —— EDEMA OF COLON WALL ——

ENDOTOXIN ABSORPTION ~——~ ENDOTOXEMIA ——
LY . N &

COMPLEMENT ACTIVATION ——— INFLAMMATION ——
LIVER CELL NECROSIS
Pigure 1.10t A summary outline of the possible events

involved in- galactosamine-induced hepatocyte neerosis
Decker and Keppler, 1972; Liehr et al., 1978).

‘f’:)




- (Madden et al., 1970; Levy, 1976, 1977). Wheﬁ administered

"intravenously, in a ‘single Dbolus, dimethylnitrosamine

produced uni formly lethal fulminant ' hepatic failure in
dogs, with survival time of approximately 24 hours (Kuster

and Woods, 1%32). Howévar, when orally administered,

9

. dimethylnitrosamine produces histological, biochemical, and

physiological  disturbances resembling - those ' commonly
cbserved in pqt:l,ax;ta with advanc‘a/d cirle}ésiu (;.avy. 1976,
1977; Madden et al., 1970; Mortir_ et al.,.1973). Thus,
mérg recerlntlty. this model Yas extansiv’oly b;cﬁ evaluated as
a model for hepatic cirrhosis and ascites (Levy, 1976,
1977; Levy and Allotey, 1978). The suitability of using
the dimethylnitrosamipe model for studying fulmi;aant
he})ati;: failure requires _ more animal experiments,

éharacterlzation._aﬁd critical evaluation.

3 N «?

'1.6.4 Anihml Model in the Present study . Y

The 'galgctosamine-induced FHF model in the male Wistar
' a

rat was used in the present study for the rrasons stated

,aboveb.“ F%rthermore‘, this model is well characterized and

has been ‘extensi\;ely; studied as npart of the ongoing
imfeatigitiona at\' the Artificial Cell and prgané Research
Centte of McGill University (Chang, 1972, 1975, 1981, 1984;
Chang and Lister, 1980, 1981; Chang and Migchelsen, 19737

¢
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Chang et al., 1978; Chirito st al., 1977, 1978, 1979; Dixi

and Chang, 1981, 1982, 1985; Mohsini et al., 1980; 8hi and
Chang, 1982, 1984a,b; Shu and Chang, 1981, 1983 Tabata and

Chang, 1980). . R

k™

’ : /
’ , AN
1.7 AIMS AND OBJECTIVES

The aims and objectives of ' the present. study\ -dre as

~
et

follows:.

1) To ' obtain further basic information reg'ard’ing physical,
biogchemical, ta.nd . histological 'ch:mgas‘ following
galactosamine-induced hepatocyte injury in wistar rats

oy

during various grades of hepatic coma. .

.2) To investiga'te the effects qf Prostaglandin B, on

e,

hepatocytes following the de{rélopment of galactosamine
induéoa hepatocyte injury.
3) Pundamental studies on the svolution of brain edema in

+ galactosamine-induced FHF are lacking. The present
¥

" study was’ inténgled - to obtain basic information

regarding the ‘{:hangea in the blood-brain barrier and

. subsequent evolution and de,velopme)\t of brain edema in

rats folélowing galactoaamine-induf:eq 1liver injury.

4) To (investigate' the effects of PGE; administration onm
the blood-brain barrier ar{d the development (i.e. the
progfen’sion) ~of brain edema in yrats following
galactosanine-induced hepatic injury.
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~ CHAPTER II g
‘ MATERIAL AND METHODS ,
- LG ¥ oA .
2.1 ANIMAL MODEL = \ 2

A ~galactosamine-induced fulmina;}: hepatic failure
(GalN-FHF) rat model was used‘ in the following ‘stuciy. ’This
model is well charxcterized (Dec"?c;r .and Keppler, 1972;
i.iehr et al‘., 1978;  saunders, 1979) and has be:n
extensively studied at various 'centr'es woéid-;,wide (Blitger
et al,. 1978;; Cid.rito et al., 1979 Niu et al., 1%@3: Zaki
et al.: 1984)." Galactosamine (GalN) is a highly ' specific }

o hepatotoxin which . has been shgwn‘ to cause a ae'lect!ive_
\eratitis-like liver ix:jury in wvarious anima.l. models
(Blitzer et al., 19783 Chirito et ab.,~ 1979). Recent >
studies ginvolving.' intravenbus administration 'of riudio-'»
labelled  (14cC) galactosamine have now conclusively
demonstrated the hepatospecificity of the" dr;xg.. Virtually -
1008 of the injected GalN'is .removed from the circulation
and is sequestered in the liver within\2 hours of infusion.

At this time virtually none of -the adiplabelled galacto-
samine ;was detected -in other organs such as the "'k,idn‘e;' or

‘the brai_'ry (Horowitz et al.,, 1983). Thus galactosamirig
induces a Jconsistently reproduéible' model -fox;ﬁ l-.xepatocyte\
injury and is generally fegarded as one that closely
resembl.es"’ human drug-induced FHF and viral hepatitis with -7

.necrosls (Saunders, 1979). ’

2
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For a given 'strain of animal, GalN shows a

consistently reproducible dose-effec} relationship with
egard to hepatocyte injury. in addition, the dosage of
1IN required Jto Joduce the same degreé of hepatocytg
injury is inversely proportional to the age (weight) .of the

animal (Decker and Keppler. 1972).
t < o o

¥

2.1.1. pPpreparation of the Galactosamine-Induced Pulminant
Hepatic Failure Rat Model for the Presant Studies

. In all of the -experiments (unless othervise stated)
63-77 day old (9-11 weeks) male Wistar rats (Canadian
Breeding . Farm and Laboratories Ltd., Montxeal) weighing
appzn'oytma::eiy 270-300g (279.49 + 3.21g, mean 1 8D) were
uged. " Because of the age-dose relationship of GalN I(Dockor

and Popper, 1972), it was necessary to strictly adhere to

*age/‘weigll-nt‘ range in order to ensure a consistently

reproducible 1liver dinjury. . Female rats were excluled from J

these studies - because  GalN p;oduc'es oA diminished ..

hepatotoxic effect durifg the estrus ocycle (Pickering et
al., 1975). . '

¢

5 \ N ’
The dosage of GalN used in the following experiments
,was 850 mg GalN/kg body weight. This dosage was optimal in
pfoducing a xho'rtality rate of 708 in, the experimental

animals described above.

t
©
o

)

S

-

[




D R I,

<
‘ /8

All animals were housed at the animal room facility of
the Artificial Cells and Organs Research Centre, {icGill
'University. Standard size rat cages were used; one rat per
cage. ‘Al.l animals were allowed a standard Purina ‘Rat (‘:/l'xow 9
(Ralston Purina Co., "U. S. A.) diet with water ad Jibitum. .
Liver injury wasg, induced by -a sifgle intraperitonea
injection. of GalN aj: the ébhoye mentioned dosage. i?ollowing
liver injury by GalN, the water " was replaced w{‘ﬁ.\th 0.55M |
(10g8) Dextrose solution which was available to the rats' ad
libitum. The ambient temperature was maintained at all

tirgea at 2590cC.

2.1.2 Preparation of _Galactosamine

Just, prior to injection, ‘D(+)‘ galactosamine
hydrochloride (GalN)‘ﬂ(Sigma Chemical Co., &t. I:ouis, Mo.,
U.S.A.) was dissolved in 300mM sodium chloride (i;otonic
salinen), the pH 'was—fadjus'i;ad to 7.4 with 2.5 sedium
hydro:;ide and then saline was added to‘ obtain ,a final

concentration of 400mM GalN, (85 mg GalN/ml saline).

-

v - 4 ! \

2.1.3 se-Response of Gplactosamine

~ h)

In'order to assess: varying degrees . of GalN-induced
hepatocyte injury and necrosis, a dose response stgt:dy af
GalN was carried out. Male Wistar rats weighin 270:-3009

1
E - -
f
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(i.e. 63-77 days old\) were used in this study. GalN doses
ranging from 650-i250 mg/kg body weight were injected
intraperitoneally into the rats in order to test the
varying extent of hepatocyte injury.

Hepatocyte injury was measured. as a function of
mortality (or its reciiarocal, the survival rate). That is
to say the greater the 1liver, injury the greater the
mortality. A mortality rate of 70% produced a potentially
reversiiﬂe model for liver injury while allowing “the animal
to be 1large enough to facilitate repeated blooci sampling
(Chirito et al., 1977, 1978; Chang ef al., 1978). On the
basis of this dose response stﬁiiy, a dosage of 850 mg

GalN/kg body weight was adopted for subsequent experiments.

2.1.4 Age-Dose Relationship of Galactosamine

The age of the animal and the dose of GalN 'used are
critical factors in GalN-~induced hepatocyte injury. Thus,
in order to minimize the amount of GalN used while still
maintaining an optimal size of the rats (for sampling,
etc.), it was important to establish a proper age-dose
response for the model used, in these experiments.

As part of the present study, the age-~dose

relationship of GalN was assessed to further characterize

4 ¥
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the present GalN-FHF rat model. This relationship was

evaluated in two different ways as follows.

2.1.4.1 Degree of Hepatocyte Injury Constant

In this set of experiments, the age-dose relationship
wags assessed while keeping the mortality rate constant, 1In
these experiments the dose of galactosamine was vgfied
while maintaining a mortality rate of 70% in different age

groups of rats.

2.1.4.2 Dose of Galactosamine Constant

In these experiments, the dosage of GalN was kept
constant at 850 mg/kg body weight. At this fixed dosage,
the degree of GalN-induced 1liver injury was assessed in
different age groups of rats. N.B. ~~ In_ this and
subsequent discussion hepatic injury has been considered a
function of mortality (due to 1liver injury). Algso since
age and body weighk are so intimately related, I have, for
ease of discussion, used the rat's body weight when
referring to the various age K groups of rats. Table 2.1
glives age-weight conversions for the ‘Wister lrate used in

these gtudies. \
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Table 2.1
Growth Tables*

Species : MWistar Rats
Sex : Male ) )
Supplier: Canadian Breeding Farm and Laboratories, Montreal

Days - 21 28 35 42 49 56 63 70 77 84

Age ;
. Weeks 3 4 5 6 7 8 9 10 11 12

3

Body weight (g) 35 65 100 140 185 225 260 285 300 325

* Adopted from Canadian Breeding Farm and Laboratories Ltd., Montreal,
Quebec, Canada, Customer Service Catalogue.
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2.1.5 Galactooaminc-induced Hepatic Injury and
Accompanying Neurological Changes :

Galactosamine induced liver injury (FHF) has been well

documented in various animal models (Decker and Keppler,

1972; Pickering et al., 1975; Blitzer et al., 1978; Chirito

et al., 1979). In the rat model maximum liver injury, as

assessed by biochemical and histological. evidence, occurred .

48 hours after GalN injection (Deckef and Keppler, 1972;
Chirito et al., 1979). At these times the major secondary
comp}icationa of FHF (such as neurological impairment
(coma) and bleeding complications) gare .also evident, ‘The

' development of hepatic coma’ in the GalN-FHF model: has

already. been discussed in the previous chapter (Table 1.3).-

Briefly, the animals develop a characteristic hepatié coma

as follows:

Grade I Comg s Lethargy ' "] 24 hours
‘| after . GE1N
injection
~ -
.Grade II Coma: Confusion and stupor, . ‘ n
but awake % ~
Grade III Coma: Sleeping most of the'iime, 48 hours
but arousable. .| after GgalN
- Occasional convullionl. injection
-Grade IV Coma: Unarou:éble and unresponsive
to p&in.
Occasional- convulsions.
& ) ’
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The {irst clearly distinct symptoms of neurological
deterioration are -  apparent approximately 48 hours after
GalN injection when the animals.are in Grade II coma. At
this stage maximuﬁ liver injurf, due to' GalN, has also
taken pléce (Chirito et al., %979). Grade If hepatic coma
is rapidly followed by Grade III and Grade IV hepatic coma
as the rat's level of consciousness (arousal) deteriorates
pigcip ésualy. Death finally occurs wiéhin 4-6- hours after
the onset of g;ade I1I hepatic coma. '

In the present study tHis deterioration of conscious-

ness, as a result of GalN-FHF, has been quantitatively

assessed as a function éf time after GalN injection.

'2.1.6 Assessment of Galactécamino-induccd Liyerfrnjury

- As previouslf mentioned, neurclogical impairment (i.e.
'the development of hepatic coma) is the hallmark of FHF due
to acute 1liver injury (Rueff and Benhamou, 1973; knhll,
1980 )4 -An intimate inter-relationship also exists betweeﬁ
the severity of GalN induced liver injury (GalN-FHF) and
the deterioration of Eonac%ouaness/arousal (i;e. ‘-thq
development of hepatic coma) in this animal model (éhaqg et
al., 1978; Ede et al.,, 1982; Crossley e£ al., 1983; Sschafer
"ot al,, 1984). ' The severity of Gall induced liver injury,

as judged by histological, biochemical, and EEG paramaters,

B .
. 4
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has been shown to correlate well with the . development of

.. hepagic coma in this animal model (Chirito et al., 1978;

Pappas st al., 1984; Seda et al., 1984). Thus the grade of
coma can be regarded as a convegient non-invasive technique
to egtimate the :;;erity of GalN induced liver injury.

, In this thedis, the peverity of liver fInjury was

estimated from the animal's grade of coma.. Grade I hepatic

coma is very difficult to accurately determine in the’

GalN-FHF rat model. It represents a stage 24 hours after
GalN liver injury. At this time maximum liver - injury has

not yat taken place and it ie ponaible for the animal to

injury 48 hours after injection (Decker and Kopplor, 1972;

Chirito et al., 1978). At this time the majority of the

" animals are in Graaa II coma (Chang et al., 1978). Thus

,Grade II coma represents a stage of maximum liver  injury in

’599ﬁ€;nebusly rccovcr. Galactosaminc .inflicts maximum.

”

this = animal model, Grades III .and 1V hapaiic coma

+ represent the terminal stages of this animal 'moéer. Duriﬁg

warious secondary complications due to a severely
diminished functioning liver biomass. Death usually ensues
s Grade IV hepat;c~ coma and ii often preceeded by severe

_convulsions and loss of response to any stimuli,

; 5 these tenqjial stages, maximum liver injury results in

!



In this project the GalnﬁFHF rat model has been
further characterized by obtainiﬁ; additional |Dbasic
information regarding the phy;iological; bioéhemica;, and
histological changes which occur during various stages of
' éilu induced liver injury. Brain edema, a major aeconqarQ
complication in °‘FHF, ‘was ‘also stﬁdied. Samples from the
blood, 1liver, and brain were obtain;h ‘at wvaricus coma
stages for this purpose. The detailsd methodology for the
various techniques and ;r cedures that were employed have

&

bee?/described in relevant sections of this chapter.

2.2 PROSTAGLANDIN STUDIES A
The hepatoprotective effects of PGEj 'hgaiﬁgt various

hepatotoxins including ‘GalN' has been well documented

(stachura et al., 1980; ert, 1981; Ruwart et al.,

19818,b; Ruyert et al., 1962; “Wiyazaki et al., 1983).

. However, it is as yet still unclear whether PGEj has any

hepatoprotective or other beneficial effgcts after the

development’ of‘ GglN induced\ hepatic Bigzgfy .and aﬂgting;
_coma. The proglaglandin (PG) studies in this thesis

-involvéd the invehtiéﬁtion of : the effects of PGEjp on
GalN-FHF rats after maximum GalN inducéd hepatocyte injury

had already occuired. Because of the " intimate liver-brain

}ntggreratiqhéhip foliowing massive hepatocyte ngcrodis

(-4
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(#HP), the following experiments were designed to study the

effects of PGEj on both these organs.

2.2.1 Preparation of Prostegiandin'sg ‘
| Prostaglandin E3; (PGE;) (Sigma Chemical Co., st.
Louis, Miesouri,’ 035'5') was dissolved in 300mM sodium
chloride to obtain a f£final concentration ,of 700mM* PGE,
(250 ug PGE3/ml saline). A fresh sgolution of PGE;. was
' prepared -just prior fo use. In the present experimeofe
PGE; was injected intraperitoneally into‘ Gtade II coma
GalN-PHF rats at a dosage of 100 pjg PGE /1009’ body weight

of rat, - . ) : | ‘1 Ei

2.2, 2 Dose—neaponse of - Proutaglendin Ez -

The optimal dosage of PGE; was determined by observing
its doee-responee effect on  GalN-FHF rate in Grade II
hepatic coma. Any significant effects of PGB: on the
GalN-FHF rats would ‘be refkected as s;atieticelly\
significaht‘chenges in the survival time or )aurvaale rate-
of the ?Hf rats. ) |

In . these ‘eéberioents, sufvival‘ time has been defined
as ‘the dug@ﬁion” of time (in  hours) -the rat is eiive
_following GalN injection. The Survival Rete (%) is- defined
_as’ the percentage of ‘animals that survive following G&luu ’j

induced . L.



h:Fatocx;e necrosis. The overall survival rate for a given
g

oup of animals was determined as follows:

¢

$ Survival Rate (for a given group) ,

Number of animals that recover followigg}@al&-fﬂ?’ x 100
Total number of GalN-FHF animals

.

N'animala alive and free from coma at 96 hours 'after
injection of GalN.

v
The survival rate, for a éiven .age/weight range, is a
function of the degree of hepatocyte iqjﬁry (i.q. dosage of
GalN). In the present ;xperiheht, the dosage of ‘Ga;ﬁ: was
‘ carefpily adjusted tq obtain a ‘survival rate of
' approximately 30% (Mortality rate of 70%) | t |
Controlled experiments were carr;ed out using GalN-FHF
rats- in Grade II hepati¢ coma. For each exﬁgrimqnt, the
, rats were randomly divided'into treated and control groups
—containing 8-12 rats each.. The formcr received intra-
peritoneal injections of PGE; while the lattﬁf received an
equivalent volume of saline. Results were tabulited from a
‘mean of 3-6 eiperimenég for each of the following doses of
PGE5. .
" The fglbeing doses of PGE; were tested: 1)1 ug
PGE2/1009 body wt.; 2) 10 ug PGE2/100g body wt.; 3) 50 g
PGE,/100g body WE. s 4) 100 pg PGE2/1009 body wt.; 5) 200 kg

a \
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The PGE; was freshly prepared in physiological saline
“ ‘
(300mM NaCl; pH 7.4) just prior to use. The PGE, or saline
was administered intraperitoneally.

o

2.2.2.1 Effects of Prostaglandin E; During Terminal Stages
of Galactosamine-Induced Fulminant Hepatic Failure

fhe effects of PGE) on the survival time énd " survival
rate were: Sbserved in éalN-FHF animals durinq late stages
of liver injury. 1In the present study, Grades III and IV
:;patic coma are coneidered to be late or terminal stages
of GalN-FHF. Prostaglandin E; (100 yg PGI;IZWOO g body
weight or équivalept volume of saline) was infra-
peritonealiy injected into GalN-FHF rats in Grades ~IIT1 and
Iv hepatic, coma. Surviv%} time and survival rate

statistics were recorded as described above.
L ) {
‘.‘ .
2.2.3 EBExperimental Protocol
The follawing Iexperimehtal protocol was designed to
study the -effects of PGEZ on the liver and brain of’

GalN-FHF rats %g Grade I1I hepatic coma. Grade I coma rats

were excluded frow the study because it represents a very

early stage of GalN induced 1ive%’injury. The effects of
PGEy in early siaées of hepatic injury ' have alsé “recently
been demonstrated (Stachura et al., 1980; Ruwart et al.,

1981; Miyazaki et al., 1983). Grades III and'IV coma FHF

' - 91 -
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rats were similarly excluded because they represented a

terminal stage of FHF. R

FHF was induced }pﬁf;;i; Wistar rats as ‘described
earlief. ‘To ensure(/;atch to batch uniformity, animals in
Grade II coma were identicglly matched and ﬁaired. One rat
from eAch pair was then randomly selected to receive either
PGE; or an equivalent volume of saline Qas qontfol. ’ All
animals were sacrificed by  decapitation (or Dby
glutaraldehyde fixation in electron microscopy studies) at

either 4 or 8 hrs. after PGEé or saline injection., Blood

‘biochemistry, and ‘brain and ‘liver histology were also.

carried out at these times in both - the PGE; and saline
injected FHF animals. At these specific times, changes in
brain water content and brain tissue éwelling were also
determined in ‘'the experimental animals Dby .. standard
_procedures and have been described in the relevant section
of this thesis. Since the"d;velopment of brain edema is
regarded as a hallmark feature of FHF from a variety of
etiologies, the integrity of 'the blood-brain barrier was
also determined in the PGE; and saline injected animals.
The various blood aﬁﬂ tissue (liver and brain) samples were
grbuped as fotTows Group A ~- Normal contro} (no GalN);
Group B -- Grade II~ coma GalN-FHF rat - (just prior to "PGE2

or saline injeggionn i.e. 0 hours); Group C -- GalN-FHF rat
, <
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- 4 hrs, after saline injection; Group D -- éalNiFﬁF rat -
4 hrs. after PGEy injection; Group E -- GalN-FHF rat - 8
hrs. after PGE, injection. No samples were obtained for
the saline injected rats at 8 hrs. because there was no
survival of these rats at tﬁls‘time.

As an adiunct' to the PGE, studies, similar control
exﬁgriments were conducted using GalN-FHF raté *'with
iricreasing severity of hépatic injury (i.e. Grades I-1V
hepatie cqma). A§  was for the PGE, studies, similar
measurements were made %o evaluate the nature of GalN-FHF

and its ensuing secondary complications.

£ ' . .
2.3.1 rum Blochemistry Analyqis
‘ A standard, routine, serum biochemistry analysis was

»

performed uaihg a sbquenti£1 Multiple Autoanalyzer with
é;mputer (SMac) (sMAC, aerial 4367, Technion Instrument
Corp., Tarrytown, New York, U.S.A.) at the Division of
Clinical piochemistry. Royal Victoria .Hospital,‘ Montreal,
Canada. -At specific times (i.e. in various grades of
hepatic coma during GalN-FHF, or at "0," "4," and "8" hrs.
after PGEy/saline injé;t;on ~- described above, cf. ‘Section

2.2, blood aamplés were obtained from godium pentobarbitol

-/ .
Y .



+ anesthetized animalb, ﬁy heart puncture, The blqod was

- allowed to clot in glass tubes. Following retraction of
.the clot, the tubes vwere centrifuged - (at 12,0009 for 5
minutes) to obtain ‘'the serum. Five hhnared microlitre
aliquots of serum sample were transferred to 1.0ml
polypropylene Eppendorf tubes, wrapped in aluminum foil,

and immediately taken to the Royal Victoria Hospital for
analysis by the SMAC.

&

3.2.2 Liver Enzyme Analysis
) ¢

Serum gamples were obtained as described above. Serum
samplés were immediately refrigerated and analyzéa, within

!
3-4 hrs. of sampling, for the following 11V%r1gn¢ymes; 1)

2

Aspartate aminotransferase (ASAT/GOT, EC 2.6.1.1); 2)

, Alanine  aminotransferase W{ALAT/GPT, EC. 2.6.1.2); 3)
| ,

Alkaline phosphatase (Alk.. P., EC, 3.1.3.1); and 4) Lactic

dehydrogenase (LDH, BEC 1.1.1.27). Alk. P and LDH wqr;

" measured by SMAC (described above). ASAT and ALAT were

measured using commercially available kits (Boeﬁringer

. {
Mannheim GmbH Diagnostica, Mannheim, West Germany).

.-
2.3.2.1 Assay System For ASAT and ALAT

~

' The agsay system for both ASAT and ALAT involves a

. colorimetric determiﬁgtion (ﬁy spectrophotometer) of the

-

\»7
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A
. A
decrease in level of NADH, in the assay medium, at 340 mm

Ned

(Bergmeyer et al., 1978). The assay reaction is as follows:
- ~,
{1) for ASAT: * , N
ASAT
(soT)

a-oxoglutarate + L—aapartate&,l.—glutmte %xaloacetate

oxaloacetate + MADH + H"&, L-Malate + }NAD"' .

MDH: Malate dehydrogenase

¢

{2) for ALAT:
’ ALAT
‘ (GPT)
a-oxoglutarate+l-alanine %===5 L-glutamate+pyruvate
‘ LDH )
/ pyruvate+ NADH+H' £===5 L-Lactate+ NAD*
LDH: Lactate dehyxirogenase s
The rate of consumption of NADH, as absorbance change
per minute, was measured using a. Beckman DB~GT Grating
-~  Spectrophotometer and Beckman 10" K Chart Recorder (Beckman

Instruments Inc., Fullerton, Ca., U.S.A.).

2.4 LIVER AND BRAIN HISTOLOGY

Light ,aadq el?g:tron microscopy (LM & EM) 'studies were
carried out to study the histological changes occurring
during progress‘ive “stages 'of GalN-FHF (i.e. Grades 0-IV

hepatic coma). Detailed tissue histology (LM/EM) of the

o

a '
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liver and brain was also carried out on the animals used@ in
the PGE" studies. At various stages of GalN-FHF (i.e.
Grades 0-IV hepatic coma) and at specific times during the
PGE, studies (i.e. ’0, 4, and 8 hrs., after PGEy/saline
injection), the animals ‘were fixed for };J.stology T as
descr{ibed below. U;xlesa otherwise indicated, all tissues
({liver or brain) were handled and fiied in a similar
fashion. All the animals used in this study were fixed for
histology while they were still alive.

S

2.4.1 Light Microscopy ~

Light microscopy studies were carried out using
standa;d laboratory ‘histolxogy techniques (Emmel and Cowdry, .
1964). Briefl;,\;the samples (liver/brain) were collected
from the animals immediately followin$ Wecapitation by a
guillotine (Harvard Apparatus .Ltdi. Kgnt, England).
Samples of liver tissue (approximately 5mm x 5mm x 2mm in
size) were dissected, rinsed in isotonic saline, and fixed
in Carnoy's Fluid (Willey, 1971) for 2-3 hrs. The brain
tissue was excised by cracking open ;:he cranjium with a pair
of miniature bone cutters. After a brief rinse in isotonic

saline (to remove any blood and debris) the whole brain was

fixed by immersion in Carnoy's Fluid for 2-3 hours.
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Following fixation, the  tissue (liver and brain) was
processed through a series of dJdehydration, clearing, and
paraffin impregnation steps using the Fisher TissuemationA
éissue processor (Fisher Scientific Co.., Montreal,
Canada). This is an automated tissue processor requiring

the following steps:

1) 70% ethanol - 1.5 hrs.
2) 80% éthanol - “ - 1.5 hrs.
3) 0% ethanol -1.5 hrs. "
4) 100% etfinol-1 . - 1.5 hrs.
5) 100% ethanol-IJ. - 1.5 hrs,
6) 100% ethanol-III _ ¢ "' =1.5 hrs.
7) 100% ethanol and 1008 xylene (l:1 ratio) ) - 1.5 hrs,
8) 100% xylene-I 0 - 1.5 hrs.
9) 100% xylen_e-n . - 1.5 hrs.
10) 100% xylene-III ~ - 1.5 hrs.
11) Molten paraffin .wax I . -2 hrs.
/12) ﬁolten paraffin wax II ¢ 2 ﬁrs.

) ,
After step 12 (above) the tissue was removed from the

machine and empedded 1in fresh wax using a Thermnoline
PD-11625E (Sybron Corporation, Dubuque, Iowa, U.S\A.)

paraffin dis_penser .

4



The tiague blocks were fine trimmed and cut into §
micron thin aect;ions using an American Optical model 820
microtqme‘ (American Optical Company, Buffalo,’N.Y., U.8.A.).

The slides were stained using Delafield's Hematoxylin

”»

and Eosin Y staining technigues (willey, 1971).

2:4.2 Electron Hiéroscopy

Ultrastructural _Observations of the liver ~and
different regions of the brain were assessed in normal a‘hd
comatose GalN-FHF rats in progressive stages of liver
necrosis. Similar observations were also carried out in
the PGE; studies at the specific times (i.e. 0, 4, 8 hrs.
after PGEj/saline) descr;.bed above, _ -

" Using standard vascular perfusion technigues (Hayat,
1970), -animals were fixed using 3.5% glutaraldehyde in O0.1M
sodium cacodylate \bufferr. pH 7.4., BEach perfuaion, via
heart puncture, was carried out for at least 20-25 min.
using a Gilson Minipuls 2, peristaltic pump (Gilson Medical
Electronics, vVilliers le Bel, Prance). The flow rate for
the fixation was lml/min., The liver was perfused via a
separate cannula inserted j{}}to the portal vein.

76"  ensure couiplete tissue fixation, samples from the
liver, cerebral cortex, cer;.-bral white matter, cerebgllum
and brain stem were re-immersed in if\tsesh ice-cold

E]
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"~ o gliutaraldehyde for a further 2 hra; This was followed by a
2 hrs, post 2ixation of the tissue in ice-cold 1% %ium
taetroxide in 0.1M so&ium cecodylate buffer, pH 7.4. Osmiunm
tetroxide is a strong 1lipid fixative and is rapidiy
degraded by' room light. The sl.;betance is hig}xly,toxic and

‘  wvolatile. E:Etreme precautions were taken to ensure the
f.ixétion was carried out in the dark and under a .well

. ventilated fume hood.

| Follo;ving fixation, the tissue samples were . ;fehydrated
in progzjéssively increasing ethanol concentrations as was

- ’ ’ done dur‘ingl the light microscopy sample preparation. After

dehydration the tissue sam'ples were finally embedded in iow

.viscosity Spurr plastic resin (J. B, EM Services, Montreal,

Canada) and cured at 709C for a minimum of 14 hrs.
Ultrathin “"silver" sections (0.67 m) were, ,ob‘tained

using’ a IKB ultramicrotome and diamond t;cni;‘.a. Tissue

sect.:ions wers finally post stained with 4% ura.nyl acetate

" and Reynolds' 1e§df ’citr)ate and examined under a Phillips

410 electron microscope,

»

v 2.5  BRAIN >EDEMA MEASUREMENTS -
Brain edema is best defined as an increase in brain
volume (i.e. bfain swelling) 'owing to an increase in its

. “ ..
water content (Fishman, 1975; Rapoport, 1976).. Since
. , L

-~
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cerebral edema is now acknowledged as a major manifestation

and primary cause of death in patients with FHF (Ware et

al., 1971; Rde et al.., 1982), experimenta were designed to

determine the nature and extent of bra.tn edema, and
éubaequeantabrain swellipg, 'in the GalN-FHF rat model. The
progression of ' brain edema was also studied in the animals
involved in the PGE; studies to determine its effects’ (if

any) - on the development of brain edema in Grade IIX hepa"tzg.c

coma FHF animals,

2.5.1 Brain Water Content Measurements
Various methods of measurifg brain edema have . been

described 1in the literature (Go, 1980).’ of 't.hese. the most

\direct’ and simple method is by physically - measuring ,the.

water content of the brain (Stewart-wWallace, 1939). Thue,

the brain water content was quantitatively detemined to
assess the extent of brain edema in comaton FHP rats as
we."Ll as those rats uaed in the PGE2 atudies. GalN-FHF rats
in progressive grades of hepatic coma (Grades 0~-1Vv hepatic

coma) or at specifbc t:l.mes during the PGE; atudiee (o, 4.

and B hre. after PGEzl saline injection) were sacrificed by .

decapitation. _The complete brain from each rat was
carefully excised from the cranium and its "wety weight
¢
determined using a'Mettler H20T analytical balance'(Fisher
1 ‘ : 6,

, - 400 -

,
-
.
- , ,
.
' - - ' \
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Scientific Co., Montreal, Canada). Brain samples were then

\

placed in a ventilated oven (Blue M Electric Co., U.S.A.)
{

\

at 65° for at least 2 weeks to ensure complete dehydration

to '‘constant weight. Its "dry" weight thus determined, was

r - 1

used to calculate the brain water content (g H)O/g dry wt.) ‘

n -
as follows:

Brain Water Content . Wet weight - dry weight
Wet weight d

2.5.2 Brain Swelling Analysis -
As already stated in the preceding seéction, brain

, swelling is the ' resul't of increased brain volume owing to -

. 1949 whil wpfking at the Montreal . Neurologi‘cal Inptitute.

The ‘percent swéiling of the tissue caused By brain ede‘nig is

- calculated from changés in brain water content as folliows:

% Swelling = 100 (E-C) S

100-E
) wtfaeée E = %t lblra‘in water _coqtenﬁ in experimental aqimal
C =-%"brain' water ;':&;ntent in notn;al ‘?n‘imal
) ) o
‘From the above equation (formula modified from Elliot
and ‘Jasper, 1949)‘ it .is apé’arent\ that small %ncreases in

. <
brain water content r‘epz’jesent\: much larger volume . increases
v o . " o T =101 "‘\ ' -

N g ~.
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of the brain. i‘hus, seeningly minor increases in brain
co ) N\

water <content can manifest as substanti41 brain swelling.
signifi:ant brain swelling can 'result'; in - increased
intracranial pressure, brain compression, altered cerebral -
blood flow, deranged neurological func;.ion, and ‘coma. All
of these ‘are common symptoms of FHF patients of various

eticlogies (Ede et al., 1982; Berndt, 1982).

2.6 TEST FOR THE STRUCTURAL INTEGRITY OF THE BLOOD—BRAIN
BARRIER

'i'he blood-brain barrier is a regulatory interface
which allows the entry of only specifi.c substances into. the

brain - {Rapoport, . 1976).‘ An intact blood-brain barrierf

' normally prevents dyes such as trypan- blue\ or Evaﬁs blye

from entry into the brain to ‘stgih it. Any staining of the

" brain would reflect an increased permeability or physical

disruption of the. ~blood-brain' barrier. With this in mind,
the integrity of the blood-brain barrier was tested, at
various stage of GalN-FHF, to gletermine the nature of the
evolution of brain edema in the present animal model. The
integrity of the blood-bra.in barrier was aiso tested in the
animals involved in the PGEj studies to 'determine whether.
i’GEz affected. the .integx;'iily‘ of this blo,od;-brain inter face

following the deveiopment of GalN~FHF and coma,

\
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"indicated, are expressed as mean + standard error.’

Animals in progressive stages of GalN-FHF (i.e. Grades
0-IV hepatic ’coma) as well as those rats in the f’GEg

studies were tested for the ‘integrity of . the blood-’-brain

‘barrier at  specific times (i.e. 0, 4, 8 hrs, after

PGEz/sgiine in-jectibn), using try\.%mn~ blue dye infusjion
techniques. In these animals, a 2% solution of trypan blue

was administered intravenoujly via the right common carotid

artery in a .single bolus given at a' dosage ofilo.35 ml/lOOg'

body weight. The animals were anesthetized with sodium
peptabafbi‘tol prior to trypan blue = infusion. Thirty
[ . o

the infusion of trypan blue the animals were

)

sacrificed by guillotine and the brain was examined for any

minutes after

A

[y

staining by the’ trypan blue dye. ,
. ) ’ \‘ ¥
2.7, STATISTICS o i _
All ' results - (where Lap:plicable_) unless otherwisq

statistical significance was analyzed by the Student 't'

test, using a Teéxas. Instruments TI-55 programmable

calculator.

~
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CHAPTER III?

RESULTS
3

- The résults presented in this chapter are basically

divided into two gor:oups: 1) charécteriza_tion of the
galactosamine-induced fulminant hepetic failure (‘GalN-FHF)
rat model (Section 3.1), and 2) the-studies of the effects
of }’GEZ ;>ri this FHF rat model (Sec‘tions 3.1-3.3-). ‘
Section 3.1 (and its sub-sections) deals with tpe
results from basic studies wh”i;:h inv‘es\tggate !r.he
phy{siological, eslochemical, - and histologigal -changes
occ'uring duriné progressive stages ’ (i.e. eGn‘a‘ides O_-I'V
hepa}tic coma) of GalN-induced hepatocyte injury. since
br,ain' edema is~‘often a major secondary complication of
fulminant hepatic _fpailur.;é_ (FHF), a detailed study
invést'igating the nature and evolution of tr;is phéqomenon

-

is also presented. !

3

- Phe second set of results, Sections 3.2-3.3 (and their
respective sub-sections) deal with the PGE; studies. In:
-this section, similar biochemical and histological data (as

fox: the previous control dtudy) are prese'nted to evaluate
- ' -
“the effects of PGE; on Grade II coma FHF rats. The effects

of PGEy on the development and progression of. brain edema

~

T

in Grade II coma FHF rats/is also presented. v

v 3
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3.1 ﬁABIC STUDY ON .THE GALACTOSAMINE-~INDUCED FULMINANT
- HEPATIC FAILURE RAT MODEL

In this study physiologicail, biochemic':al, and
histological observations were carried out to characterize
and further elucidate the nature of GalN-FHF and its major
secondary complication, brain edema. T a unigque aspect of
this s8tudy was that samples were obtained from the FHF
‘animals during progressive stages (i.e. Grades 0-~IV hepatic.
coma). of GalN-induced ﬁepatic injury, to study the he‘pato—
cellular changes occurring during prog;epsive grade; of

[

hepatic coma. ) .

3.1.1 Dose . Response of Galaétonmino

The dose response curve of .GalN~FHF is presented in
Figt;ro 3.1. It was observed that fox: a g‘i:ven age (\::eig‘nt) - S
iang'e; GalN produced a consiste{;tly reproducible hep;técyte
injury "in> a positive dose-effect relationship. In the
present group ‘'of animals (270-300g9; 63-77 day ol;:l male
Wistar .rats) it was seen that 850mg _‘GalN/lig: body weight
consistently produced a xi\ortaility rate ’of' 70%. Since- this
was the desired mortality rate, the dosage of 850mg GalN/kg
body weight was adopted‘ for all subsequent e_xperi'ments in

this gtudy. .



%’\\

DOSE-RESPONSE CURVE OF GALACTOSAMINE -INDUCED FHF

a
78 -
3 SPECIES: WISTAR RATS (male) - -
s AGE: 63-77 days old
L ] .
C g5 _ WEIGHT: 270-300¢g N
™ ’ -—
§ n: 40-80 rats
- [
©
s
26 44 7
]
0
I 1 1 | ! 1 1 \
650 750 850 080 1080 1180 1260

Galactosamine Dosage (.p.; mg'lko body weight)

Figure 3.1: Lose-xreaponse curve of galactosaming, A
positive dose-effect relationship was observed with
increasing dosage of galactosamine, In the present
experiment (unless otherwise indicated), a dose of 850 mg
GalN/kg body weight, administered intraperitoneally,
+achieved a consistently reproducible mortality rate of
70%. Each point on the curve represents data from 40-50
rats,

-

| :



3.1.2 Age-Dose Relationship of Galactosamine

’

To further characterize the GalN-FHF rat model, the
; .

age-dose relationship of GalN was evaluated in tvo
different ways;: first, by maintaining the degree of
hepatocyte injury (i.e. mortality rate) constant (Figure

3.2) and second, by keeping the GalN dosage constant

.

(Figure 3.3). A J .

.3.1.2,1 Degree of Hepatocyte Injury Constant

- Figure 3.2 illus'tra tes the relationship between the
GalN , dosage -and the age (weif;ht) of the animal when thé
.mortality rate was maintained at 70%. In such conditi/@gs:
it was observed 'that the amount of GalN required to pro)axice
a given:degree of hepatic injury was inversely proportional
to the age of. the animal. Tﬁus, it was seen that the
younée; the ani;rtal the greater the amount of GalN was
E ) required to produce the same degree-of liver injury (Figure
"3.2). -

Since GalN is a very expensive drug, it was necessary

to optimize the dose fequirement while still maintaining an

optimal animbkl size for sampling, etc. For this reason, a

GalN dosage of 850 mg/kg body weight and average body
/ 3

weight of 275 g was adopted for all experiments. in this

> >

. study.



AGE-DOSE RELATIONSHIP OF GALACTOSAMINE (MORTALITY CONSTANT)

n= 40 ' ’ SPECIES WISTAR RATS (maie)
MORTALITY RATE: 70%

2000 _

Galactosamine Dosage (mg/kg body weight)

100Q
n= 126
1
Q
ol
T T T )
. 200 226 260 275
. Aversgs Body Weight (g) .
Figure 3.2: Aje-dose relationship of  galactosamine

{mortality constant), Various doses of galactosamine were
administered intraperitoneally” to rats 1of different age
(weight) groups,.  ‘while maintaining the mortality rate
constant at 70%. In such conditions, it was observed that
the degree of galactosamine-induced hepatic injury was
inversely proportional ,to the age of the animal. Thus, it
wags = seen that the younger the animal, the greater the
amount.of galactosamine was required to produce the same
degree of 1iver injury, —and vice versa. .
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3.1.2.2 Dose of Galactosamine Constant

Figure 3.3 illustraébs the relationship Dbetween the
mortality rate and the age (weight) of the rat when the
GalN dose was fixed at 850 mg/kg body weight. Under these
conditions, it was observed that GalN~induced
hepatoto;:icitf was directly proportional to the age of the
.animals (Figure 3.3). 'I’h\:\s, - for a given dosagé of
galactosamine, the older or younger rats  produced very
severe, or mild degrees of hepatic injuries res;;ectively.

For this reason it was critical to strictly adhere to
the 270-3009g boc?y we‘tight range for the experimental animals.

*

3.1.3 Neurclogical Changas Following Galactosamine
Injection

Neurological changes {i.e. coma status) were assessed
as a function of time after GalN injection. Pigure 3.4
graphically illustrates the deterioration in consciousness
following GalN  injection,. It "was seen that during‘ the
"fi:rst‘ 24 hours ;fter GalN injection, the neurologica‘l
changes are mild (Grade I c¢oma) and transition to deeper
coma is slow, More- profounsl neurological changes in the
form of overt encephalopathy (Grade II coma) begin to take
place approximately 48 hours after GalN injection. At this

time the animals were in varying grades of coma (éradqs
’ 1

- 110 - k

o



DOSE-AGE RELATIONSHIP OF GALACTOSAMINE (DOSE CONSTANT)

’

100%
L]
100 1 gPECIES WISTAR RATS (male)
80
GalN DOSE  860ma/kg =
74%
\( 70% »
o~ r— .
5 n=t25 n=ts
& .
]
, " B0 -
\
- %
.(l o
- ) {n=@0
@
[ <
x ’
19% .
1
n=d48
N > p
0 -J r -
228 - 280 218 300 360

! . AVERAGE BODY WEIGHT (g)

Figure 3.3: Age-dose relationship of galactosamine (GalN
dose constant). A fixed galactosamine dosage (850 mg/kg
body weight) was administered intraperitoneally to rats of
different age (weight) groups to see its effect on the
mortality rate (i.e. deﬁ:ge’of hepatic injury). Under such
conditions, it was observed that GalN~-induced
hepatotoxicity was directly proportional to the age of the
animal, Thus, for the given dose of galactosamine (850 mg
GalN/kg body weight), the older or younger rats produced
very severe or mild degrees of  Thepatic injuries

respectively.
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§
DETERIORATION OF CONSGIOUSNESS FOLLOWING
GALACTOSAMINE INDUCED LIVER INJURY IN WISTAR RATS

—-- 1 ........................................ Normal consciousness (atert)
GaiN
[
©
[
-]
Q " —
°
®
°
. -
Bow
Q
" -
P
v -~
| 1 L
o’ 24 48 s0°

Time atter q.l.ctoumini injectiori (Hrs )

FPigure 3.4: A graphic illustration of deterioration of
~ consciousness, following galactosamine injection (arrow).
During the first 24 hours after GalN- injection, the
neurological changes ., are mild (Grade I coma), and
transition td deeper c¢oma is slow. Qvert encephalopathy
(Grade 1II coma) became evident approximately 48 hours after
GalN injection.” At this time the animals were in varying
grades of hepatic coma (i.e. Grades II-IV coma)., Also
noteworthy is that the trandition from Grade II coma to
deeper grades of hepatic coma (i.e, Grades III and IV coma)
becomes highly precipitous and rapid at this time. Animals
succumbed . from GalN-FHF approximately 54-56 hours’ after
GalN Lnjection. N -

\
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II-IV hepatic coma). Also at this time, the: transition
from Grade IT coma to deeper grades of coma (i.e. Grades
III and IV ‘hepatic coma) becomes highly precipitqus and
rapid. Animals syccumbed from GalN-FHF approximately 54-56
hours after GalN }njectiou.

Thus, 48 ' hours :fter’ GalN injection represented a

8 the animals presented

critical period during GalN-FHF

varying severity of coma (and liver in y) at this time.

Therafore, in order to st?pdardize e selection of

experimental animal;y the animals were selected on the
bagis of their coma grade. This w;y any discrep&hcias
grisingk'due to varying degrees of'Galn-ihdg&qd hepatoctye
injury were. avoided. '

4

3.1.4 Body Dthydfatibn1 During Galactosamine~Induced -
Fulminant Hepatic Pailur?f’ ’

Excluging.  the alteration L consciousness and the

“

development of hepatic coma followin§ GalN-FHF, the most

‘striking observation in this animal mo?el was a marked

decreasé in food and water intake following 1liver injury.

.This occurred as early as 24 hours after ‘the injection of

GalN (and before the development of overt encephalopathy,
i.e. Grade' ' I coma) . This was manifested by . marked

dehydration and was meagsured as the decrease ' in 'body

weight. -In this



L4

experiment, body dehydration has been. expressed as the

et

percent decrease \in body weight (Table 3.1) and percent
increase 1in hematocrit (Table 3,2). Figuée 3.5 is a
composite graph illustrating the respective changes of

v

percent body weight and hematocrit of the animal following

GalN-induced hepatocyte injury and development of coma. As

earlj as Grade I coma (24 hours after GalN injection),’

significant dehydration was evident in the FHF rats.

" significant dég;eases in body weight (6.28%; p < 0.001) were

~

coupled by similar significant increases in hematocrit at

e

this time. Marked dehydration was distinctly “visible when

the animals were in Grade II coma (48 hours after GalN

\ 3
injection). By this time the-rat's body weight had dropped
i v

by 14.21% and its hematocrit had increased’by riore than 15%
(of mormally to 62.62%. Although the extent of dehydration

seemed to persist after Grade Il doma and-through to death
» ‘ .
(in Grade IV coma), there were no further significant

lncreases in doGydration during Grades ~III and IV  hepatic

-
’

coma .

3.1.5. \Blopd‘ Biochemistry During Prdgresaive Stages of '
Galactosamine-Induced Fulminant Hepatic Failure

The blood biachemistry analyéis was performed at the
Division of Biochemistry of the Rayal Victoria Hospi tal,

Montreal, Quebec, chnada, using a Sequential Multiple

- -
2

'S . ! 3
!
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" Table 3.1

Bod -Deh dration Duri Ga“l&ctosam‘lne-lnduced
uiminant Hepatic Fajlure

—

Grade of Time After _Percent becrease .
Coma , Galactosamine in Body Weight n
Injection (hrs) (mean + SD)
0. 0 : 0 0 -
I . 28 6.28 * 2.03* 63
o a8 14.21 + 1.07% 43
mo . 48 14,92 + 1,48 32
v 8 16.66 +.1.52° 31

Statistical significance

* p<0.00} . 2
- with respect to proceeding coma grade
** p<0.02
-&A p<0,.001 with respect to normal (Grade 0 ooma)\values )
. §



g ]
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Table 3.2
Hematocrit Values During %lactosami ne-Induced
. Fuiminant Hepatic Failure
- Grade of . Time After .Hematocrit
Coma Galactosamine mean + SD n
Injection (hrs)
0 0 46.31 + 0.60 16
R 24 55.80 # 1.37% 15
‘ p 11 \ 48 © 62,62 3_‘1.99# 16
111 48 62.86% 1.38° 15
B 4. 64.26 + 1.70° 15
. ‘ Statistical significance
* p<0.001 | T
i y with respect to proceeding coma grade
** p<0,02 = \
' . ]
A p<0.001 with respect to normal’ (Grade 0 coma) values
‘ ' 1



]

-

" TIME AFTER GALACTOSAMINE INJECTION (HRS) h
o 24 - 48 4
100 - 1} ] | | 100
U\
4 ) n — - -§ §' :
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T ‘ I.——-—"—i . " :
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T GRADE OFAQMA
Figure 3,5:  _Body dehydration during galactosamine-induced
fu?minant hepatic failure. A composite graph illustrating
the - marked 'dehydration that occurs following GalN-FHF.
Here dehydration has been measured as a function of change

" in body weight and hematbcrit. Grade 0 coma represents ' the
normal value before the injection of galactosamine..
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Autoanal&zor with Computer "(SMAC-II). The serum samples
were obtained before GalN injqction (i.e, Gfade 0 coma) and
during progressive stages of GalN~FHF (i.e. Grades I-IV

coma) for biochemistry and electrolyte analysis by the SMAC.

3.1.5.1. Clinical Biocﬁemistry Analysis . \\\} '
Rat sera from normal (i.e. before GalN injection) :Pnd
,GalN~-FHF rats in progressive grades of hepatic coma were

analyieg.byWSMAC for the folloﬁing biochemical paramét&rsx

"l) Glucose (mg/dl); 2) Blood Urea Nitrogen (BUN) (mg/dl);:

3) Creatinine (mg/dl); 4) Uric Acia (mg/dl); 53 _ Total
‘ -

Proteins (g/dl); 6) Albumin (g/dl); 7) Total Bilirubin

(mg/dl); 8) Cholesterol (mg/dl). = The clinical serum

. biochemical analysis of these animals is presented in

Figure 3.6 and Table 3.3. A severe alteration of the rat's:

clinical Siochemiliry was seen following GalN induced

hepatocyte injury and the onset of c¢oma. Depresssd levels

- of total pfétoin- ‘and  albumin. coupled with a precipitéus

fall in glucose and uric acid 1levels were seen with

progressiyd GalN induced hepatocyte damage and coma.

Similarly ,thefe were significant elevations’ in BUN,

craaiinine. total bilixubin, . and cholesterol levels with -

- progressive hepatoayte injury and coma (Fiéure 3.6 and

x
L4

i
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SERUM BIOCHEMISTRY ANALYSIS DURING PROGRESSIVE STAGES
GALACTOSAMINE - INDUCED HEPATOCYTE INJURY

TIME AFTER GaIN INJECTION (Hrs) TIME AFTER /GQI\N INJECTION (Hra)

¢

0 24 48 L0 24 48
| I — | 1 "

1T
Total Proteins

180 "— Glucoo: e 3
100 — - - E 4 —
50 — . . 2 -
o — 0 - i
45 — BUN . 5.0 — Albumin
] l/‘/':/’\! t 3 a5 A
18 - @ N
o - ' 0 —
1.2 — Creatinine - 5.0
$ -
08 - ) % ns
0.4 — { E
0 -~ 0 - ;
8.0 _1 Uric acid - 180 —  Cholesterol
2.5 g 100 —
. £ 60 —
0 - 0 -
| | 1 o | T I | 1
.0 [ " m v ) - n m .

GRADE OF,COMA 3 GRADE OF COMA

Statistical signiticance with respect to preceeding coma grade
o P 0.001 t+ P< 0.025 tP<c 0.08 -
#e P< 0.008 tt P< 0.01

\_‘

¥

Figure 3.6: Serum biochemistry analysis during progressive’
' stages of

galactosamine-induced hepatacyte injury. Serum
samnples were obtained before galactosamine injection (Grade
0 coma) and during progressive stages of hepatic coma (i.e.
Grades I-IV coma). Samples were analyzed by the SMAC 1II
autoanalyzer . Statistical significance was determined
using the Student 't' test. .
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Table 3.3). sfecifically these fluctuations in clinical
biochemistry we;e recorded_as follows:

1) Glucose: A precipitous fall in glucose levels from
137.4 + 1.75 mg/dl in, normal animals (before GalN
'injéction) ﬁg 15.0 + 2.0 mg/dl in FHF rats (Grade IV
hepatic .coma) was measured durinb the course of GalN-FHF in
this rat model. A significant (p < 0.001) decreéase in
* glucose levels waé measured as early as 24 hours after GalN

v

induced'liver damage, when the animals were in Grade 1!

o

coma. Subsequent significant {(p 0.01 to p< 0.001)
decreases in glbcose levels were also measured. during each

progressive stage of GalN-FHF to death in Grade IV hepatic

coma (Figure 3.6 and Table 3.37%.

: 2) BUN: Galagtosqmine%induced Hepatocyte injury

. . 1
resul ted in a steady increase in BUN levels, by nearly 2.5

fold, which péaked‘ at 37.0 + 2.6 mg/dl during Grade 111
coma.  Increased BUN levels (23.3 + 1.47 mg/dl) firat,

became statistically significaﬁt (p<<0.005) during Grade II

coma, 48 hours after GalN injectionl The level of BUN .,

-finally fell to 24.0 + 4.7 .mg/dl just prior to death in

Grade IV coma (Pigure 3.6 and Table 3.3). ‘ *

o

3) Creatinine: A steady rise in serum creqtinini//;>

levels was observed following GalN-induced liver injury. ~

Significant (5510,05) elevations in serum creatinine levels

.

) ’,
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. Table 3.3 . . - )
"Clinical Biochemistry Analysis Durng Galactosamine-Induced Hepatocyte Injury

A

Time After . : : ,
Galactosamine 0 24 48 48 48
(hrs.)
Grade of Coma oo 1 S 111 Iv
noo- 13 - 9 . 7 14- 6
Glucose 137.40 + 1.75 115.00 + 2.3* 97.00 * 4.9** 44,50 + 8.2* 15.00 + 2.0**
-{mg/d1) - ;
BUN 15.00 + 0.48 17,00 + 1.25 23.30 + 1.47** 37.00 + 2.6* 24.00 + 4.7"
i (mg/d1) ' . .
.—l
» Creatinine _0.58 + 0.03 0.75 + 0.07° 1.03 + 0.04** 1.04 + 0.09 0.77 + 0.18
- {mg/d1) : '
Vo .
.Uric Acid 4.71 + 0.37  2.17 + 0.16* 1.90 + 0.09 1.26 + 0.05* 2.43 + Q.17*
{(mg/d1) S - .
Total proteins .61 3+ 0.08 5.07 + 0.15%*  4.96 + 0.10  "4.75 + 0.19 5.57 + 0.309
{g/d} , :
Albumin " 3.27 +0.05 3.28 + 0.06 3.07 + 0.07'"  2.70 + 0.11"" | 3.07 + 0.2¢
- (g/d1)
Total Bilirubin  0.10 + 0.00  0.43 + 0.11''  3.38 + 0.10%*  4.80 + 0.30%  4.37 + 0.63
(mg/dl) :
Cholest):erol 58.50 + 2,10 53.70 + 4.3 ’ 129.00 + 6.5% 118.30 + 3.25 115.00 + 2.03
*{mg/d} - -

Statistical significance with respect to preceeding comh»gﬁade
* p<0.001 ' p<0.025 © p<0.05 : ~
*k p<°0.005 '' p<0.01 . ' .




were first,evideni when the ratsd were in Grade I coma, <24

hours after GalN injection. At this time, a mild rise in

,€reatinine levels to 0.75 + 0.07. mg/dl, from 0.58 + 0.03

\Q?/dl (normal value before GalN injection) was observed.

The rise in creatinine levels finally peaked duriﬁg Grades

I1 and III coma at 1.03 + 0.04 mg/dl. During the terminal

stage of GalN-FHF, in Grade IV coma, creatinine 1levels fell
td 0.77 + 0.}8 mg/dl. Owing to large ‘standard error, this
decrease in creatinine levels was not statistically
gignificant when 'bbmpared» to either the peak value.(1.03 +
0.04 mg/dl dﬁring Gradea‘II and III coma) or to the pre

GalN levels (Figure 3.6 and Table 3.3).

4) Uric Acid: A significant (p<0.001) fall in uric

*

"acid levels was recorded 24 hours after GalN injection,

when the animals were in Grade I coma. Uric acid levels
éontinued to fall (during Grade II coma) and finally
bottomed out at 1.26 + 0.05 my/dl in Grade III coma
(p<0.001). An approximately two fold increase in uric
acid levels (p < 0.001) was measured just prior to death in
Grade IV coma (Figure 3.6 and Table 3.3).

'5) Total Proteins: A significant decrease in total
protein concentration from 5.61 + 0.08 g/dl to 5.05 + 0.15

g/dl was observed as early as Grade I coma, 24 hours after

* GalN-induced hepatocyte Anjury. Subsequently, the protein

-
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levels fell only 'slightly and remained depressed throughout ‘
Grades II and III hepatic coma. Just prior to death in
Grade IV coma, howe@er, a significant (p«0.05) increase in
the level of total protein to near normal (pre GalN) values
was observed (Figure 3.6 and Table 3.3).

6) Albumin: As was' observed for the total protein
concentration, albumin concentrations were similarly -
depressed fol%owing-—GaIN-FHF and coma. However, unlike
total protein concen;fations, the deqrease in the albumin
levels first became statistically significant (p << 0.05)
during Grade II.coma. At 'this time serum albumin levels
fell from 3.27 + 0.05 g/dl (pre GalN values) to 3.07 + 0.07

g/dl. The serum albumin levels continued to fall (p« 0.01)

-t

to as low as 2.70 + 0.11 g/dl during Grade III coma.
Although a mild }ise in alb;min concentrati;ns was observed
jugt. prior to -death in Grade IV coma, the increase was not
statistically significant (Figure 3.6 and Table 3.3)..

7) Total Bilirubin: Highly significant (p < 0.001)
incrgises in total bilirubin levels were recorded following |
GalN indiuced heQatOQQte injury and development of hepatic
coma. Increased total bi¥irubin levels first became
evi?ent during éfade I coma, 24 hours after GalN injection.

Total bilirubin levels incre;sed to more than 300% over

normdl control (no GalN) values (0.1 + 0.00 g/dl) to 3.38 +

1
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0.10 mg,/dl in Grade 1II coma. Totai Lt%ilirﬁb‘ir‘x levels
finally , plateaued during Grade II1I coma with concgn%pa;+ons
almost as high as 50 times that of normal control values.
Total bilirubin levels decreased only slightly during Gv£e

IV coma but remained elevated until death (Figure 3.6’ and

Table 3.3).

n

£
8) Cholesterol: More than two fold increases in serum

cholesterol levela were measured .following GalN-induced
hepatocyte injury. During% early stage‘s‘ of GalN-induced
liver injury (i.e. Grade I coma) no significarz; changes in
cholesterol levels were observed. With the preogresgion of
hepatecyte injury ‘and the deveiopment of overt hepatic
coma, however, serum cholesterol . levels significantly
(p £0.001) increased by more than two fold to 129 + 6.5
mg/dl in Grade 1II cona. Cho}eeterol levels remained
elevated throughout subsequent stages of hepa tocyte
necrogis to death in Grade 1V coma (Figure 3.6 and Table
3.3).

+

3.1.5.2 Serum Electrolyte Analysis L,
Serum electrolyte analysis was performed using the

SMAC Il autcanalyzer. Serum samples from normal control

o :
rats (i.e. No GalN, Grade O coma) and GalN—-FHF rats in

progreasive atages of hepatic coma (i.e.’ Grades I-IV coma)

0

were analyzed for the following serum electrolytes:

v
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b
1) sodium (Nat) (meq/1); 2) Potassium (K*) (meg/l): 3)
Chloride (Cl-) (meg/l); 4) Calcium (ca*t) (mg/dl); 5)
Inor;ganic Phosphorous (P;) (mg/dl). Results of the serum
electrolyte# analysis are presented in Figure 3.7 and 'rab:'le
3.4.

/Galactosamine-induced hepatocyte injury resulted» in
the alteration “in the 1levels of all the electrolytes
ana}ysed’.' Significant (p«£0.001) change;a in Nat and Kt
levels were - evident during the first ‘24 hours after Gplli
injections, when the rats where in Grade I coma. . Levals of
c1-, catt, and pj were ala? alteréd? however, these ch,ax;gea
were atatietiually'sigqific‘ant Qnly auring Grade“ Il coma,
48 hours after baln ‘injection. Specific eiectrolyte

t

alterations are degcribed belows . :

1) sodium: s_lgnificant “(p €0.001) increase in Nat .

levels from 141.4 + 0.49 meq/l (before Gal¥ injection,
Grade 0 coma)‘to 147.8 + 6.49 megq/1l was detected before the
onset of  overt encephampatfxy when the,,rata_' were ‘in Grade I
coma. With th&!e progreh:;ion of the coma to Grade IT hepatic
coma, a further significant (p « 0.01) vinc:rease iln Nat
levels :vaa observed. In late stages, Na* Yevels appeared
to decrease and apl'a'rt:;ached normal conf.rol values (pre GalN
levels). However ,\ because of the large .standa‘;d deviation,
these latter changes were nolt \statisti\cally slignifii:ant

(Figure 3.7 and \"ahlo 3.4).
) - - 125 -
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SERUM ELECTROLYTE ANAL Y8iS DURING PROGRESSIVE STAGES OF
GALACTOSAMINE-INDUCED HEPATOCYTE INJURY

'

Time after GalIN Injaction Time after GaiN injection
{ 0 24 48 —— 0 24 —— 48 —
l ] L J [ { ] J
Na* Ca**t

180 - ""'"L—*"*"\-i 15

- 120 - 5. 10 P_-N!——‘\.Tf
?g 80 E, .
E 40 4 5
',4”
o 0
K* '
10 -~ N

meq/!
[ ]
1
«
-

0o -
cr- R -
100 . - . .- 12 t :
e 50 > 6 ,
€ € ~
o , \z
(e} 0
; T 71 — T 1
0 | - N in v . . ] [ i 1] 1w
o - QGrade of coma . Grade ot coma
» ! - e
-Statistical significance- wlt!\‘ preceading coma grade
s P < 0.001 . tP< 0.01 $ P< 008 »
*s P < 0.005 t p< 0.02

Figure 3.7: Serum electrolyte analysis during progressjive
stages Of galactosamine-induced hepatocyte injury. Serum

samples were obtained Tbefore galactosamine injection
(crade 0 coma) and during. progressive stages of hepatic
coma (i.e, Grades I-1V coma)., Samples were analyzed by the

SMAC . II autoanalyzer . Statiqtical significance was
determined by the Student 't' test, ) -
) ‘- 126 ~ . . .
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2) Potassium: Like sodium, potassium levels were also
‘,alter@d.during‘ the first 24 hours . after GalN .injection

(i.e. Grade I coma). At this time, K* «<concentrations

decreased by nearlyu:»ZS% of normal control values (7.4 +

0.27 meq/l) to 5.21 + 0.30 meq/l. During Grades II and III

hepatic coma, potassium levels decreased slightly and

. remained depressed throughout these stages. Just p;ior to

. )
death, during Grade' IV coma, ﬁ("‘ levels were seen to

approach normal’ contrc;l‘/values (i.e. pre GalN levels).

°

Hovever, because 0‘7 the  large fluctuations in K*
measurements, this eétorat’iori_' of K* to normal levels was
not statistically aigniﬁicant (Figure .3.7 and Table 3.4).

| 3) Chloride: lChlor:'ide levels remained\ more or less.
‘stable throughout ’the course of GalN-FHF. Only a slight
(p < Q.'OS‘) decrease in " chloride concentration was seen

&

C during Grade - II coma when chloride levels briefly fel/}. to

95.7 + 0.99 meq/l from normal control values of 97.8 + 0.37

meq/l ({Figure 3.7 and Table 3.4). . )

¥

4) Calcium: Calcium levels rémained ﬁnaffected during
the first 24 ~}_16'urs after GalN-induced hepatic injury (Grade
I coma). A aign‘ificant (p < 0.005) decFease in ca*t vas
‘first observed lduring Grade II coma when cCa*t ‘levels fell
to. 9.88 + 0.40 . mg/dl from normal control values of 11,5 +

&

0.22 mg/dl. No qignikicant changes in Ca** were seen during
. N u '
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Table 3.4

Serum Electrolyte Analssis During Galactosamine-Induced Hepatocyte Injury

Time After - o _
Galactosamine o 24 48 48 48
(hrs.) . /5 .
Grade of Coma 0 I ( 11 : 11 Iv

n . 13 9 7 T14 6
Sodium . 141.40 + 0.49 147.80 + 0.49* 150.80 + 0.87'' 145.70 + 2.6 139.30 +°3.38
(meq/1) 4 . T .

i L1 .

Potassium 7.40 #0.27 ° 5.21 #0.30 4,78 *+ 0.38 5.30 + 0.30 7.33 + 1.17°
(meq/1) . ‘ : _
Chloride 97.80 + 0.37  98.30 + 0.37  95.70 + 0.99% ¢5.30 + 1.30 - 96.00 + 1.00
{meq/1) .
Calcium 11.50 + 0.22  11.37 + 0.18  '9.88 + 0.40% 10.59 + 0.46 9.13 + 0.32'
(ing/d1)} : ‘ -
»
Inorganic T ’ ,
_l(’ht;s]pt)torous 9.90 + 0.37  9.81 + 0.08  11:84 + 0.62"" 10.45 + 0.40 9.17 + 1.83
9/d __—

Statistical s
* p<0.001
** p<0.005

ign;ifican(:'e‘with respect to preceeding coma grade .

‘' p<0.01

$ p<0.05 A
' p<0.02 A ’
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Grade III coma. Just prior to death in Grad; IV coma, a
- further l‘ignific'ant (p<0;02) decrease in Catt levels (to
9.13 + 0.32 mg/dl) was observed (Figure 3.7 and Table 3.4).

> 5) Inorganivc Phosphorous (Pj)s Levgll of inorganif:
1 éhpogﬁoréua ’wai-e u'naffccted during the first 24 hours after
Ga}ﬂ-indﬁqed hcpaktic. injury.-- A significant (p < 0%.01)
increase in 'Py levels was observed. during Grade II coma
when Pj levels peaked at 11.8¢ + 0.62 .mg/dl. A, ;ubsaquonﬁ
decline in . P; levels towards normal values (i.e. 9.9 + 6_.37
mg/dl) was seen during Grades 1II and IV coma ‘(!':Lgurt 3.7
and Table 3.4). L |

[ ' L/

3.1.6 Liver Encyme Analysis Durin§ Progressive Stages of
Galactosamine~Induced Fulminant Hepatic Failure

Serum samples from normal (Grade O ﬁ coma) gnd GalN-FHF
ra?"l:a .in progfou:!.vo grades' of lizver ,injui'y {i.e. Graén
I-IV coma) were analyzed for the following 1liver entymes: “°
&) ‘Aspartato ' Ami’.notra’,nlfc‘ra-a ( ASAT )y é) Alanine
Aminotransferase (ALAT): 3)‘ Aikali:nc. fhouphata.'u (Alk.P);
and . 4) Lactic Dehydrogenase (LDH). Liver onim
daiermination from these a;xg.mala is presented. in Pigure 3.8
and Table 3.5. ' ’

' Witf:out . exceptions, GalN~induced - hepatocyte injury
rosulte;i in signlficantlly {p<0.001) elevated serum sngyme

levels. A 2.5 to 120 fold.'ihcreaso (for alkaline .
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phosphituu and ‘alanine aminotranaferase respectively) in
‘ enzyme activities was A6 seen following GalN-induced hepatic

iﬁ‘jury and éo:na. Increased enzyme levels correlated well

with the extent of hepatic injury and grade .0t coma.:

Activities of all enzymes, with the exception .of ASAT,
peaked during Grade II ‘coma, 48 hours after GalN injection.
This peak alsdo corresponded to the maximum oh"c'patic damage
taking plice at this time. AéA’r activity peaked d\'iring
Grade 1III coma, All enrzymes maintained their elevatgd
lavels until death in Grade by coma. ‘

Specif.ic‘ahangoﬁ in serum enzyme levels, presented in
Figure 3.8 and Table 3.5, are described below:

1) Aspartate Aminot':rﬁut’o,uu: . progruqiiu increases
“in ‘;orum ASAT alctivity were observed .wi,th* & progreuiwﬁ
‘stagal of ‘Gam-ind\‘:‘ced hepatocytc— injury and subsequent
divclol;mnt ‘of qom;. . A\SA'I' levels £’ina‘11y peaked 'during

Grade III coma (5391.1 + 138,2 U/1) when a greater than 67,

fold increase i acﬁEVity, over control (Grade O cdma)

1 4

l‘evell (i.e. 80.1 + 3.5 u/l) was observed. ‘ASAT remained )

élesvated till death .in Grade 1V co:\na (Iril.gurc 3.8 and Table

"3.5). _ . :
2) Alanine Aminotransferase s,\. Significant ( p < 0.001)

increases ‘:L'n _ALAT  levels ‘ were seen ;IZI{ progressive

GalN-induced hepatic ihjury and the devolopmcn:t of coma,




LIVER ENZYME ANALYSIS DURING PROGRESSIVE STAGES
OF GALACTOSAMINE-INDUCED HEPATOCYTE INJURY

TIME AFTER GaIN INJECTION (hr) TIME AFTER-GaIN INJECTION (he)
. 0 24. — 48 — s 24 48 ——
@Gt 1 ] 1 L% 1 )
" 8000 - ASAT (GOT) . 700 — Alk P
.s 3000 - . 3 3?0 —— "
0 , ' 6."
\ “ 1
7600 = > 600 -
600 ~ 4
5000 ~ . 4 ) |
< | S
> 2 300 -
26500 ~ ~
. 'l
0 - o ol
. . 4 : , -
T | B | ' | — T T 1 |
o 1 . m W ) i " m W
] LY
GRADE OF COMA . " GRADE OF COMA .

Statistical significance with respect to preceeding coma grade
P "« P< 0.001 ' ' '

Pigure 3.8: Liver enzyme analysis A during progressive
‘'stages of galactosamine-induced . hepatocyte injury. Serum
samples were obtained before galactosamine injection (Grade
»* 0 coma) and during proyressive stages of hepatic coma (i.e._
Grades I-~IV coma)., Statistical significance was determined
by the student ‘t' test. oo N '
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* and Table 2.5). ‘ , _ “ .

ALAT levels peaked during Grade II coma vhen a'gre‘aéer than
120 fold increase in ;ctivity {over control 1levels Qf‘ 5:1.3
+ 4.1 U/1) was obaerved. "ALAT' remained elevated at this
level (7012.0 + 232,5 U/1l) during Grade III and Grade IV

coma (Figure 3.8 and Table 3.5).

3)  Alxaline Phosphatase:  Significant (p<0.001)

increases in serunm i\lk. P levels were observed with

progressive GalN~induced  Thepatocyte injury  and the

development of hepatic coma., Alk. P levels peaked duriné

Grade II coma when leévels increased by 'marly 2.5 fold to

606.3 + 34.4 U/l. No further significant changes in Alk., P .

‘lavels were~ ‘'seen ‘during Grades III‘and IV émﬁa (rigure 3.8

4

4) Lactic Dehydrogenase: LDH levels ware -also
-ignific%ntly. (p < 0.001) slevated with progreuiv.o
GalN-induced hepatocyte injury. an& development of comas

LDH, 1ike ALAT and Alk. P, alsc peaked during Grade II

coma, when maximum GalN-induced hepatocyte ‘ injury had

occurred. keﬂ remained at this ‘.alevated level throughout

‘Grades IIT and IV coma until death (rignrcl 3.8 and Table

3\-5)-_

!
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Table 3.5 : ' . ’

¢ ¢

o Liver Enzywe Analysis During Galactosamine-Induced Hepatocyte Injury

\

Time After ) . o . - .
Galactosamine . 0., ~ . ., 24 _ 48 48 48 \
thrs.) - . :

v

Grade of Coma Q S 1§ R £ 4 Iv

) .

n T3 . 9, 1 14 6

2 " °

N < ‘. B
A(\;ﬂ)(cor) 80.1 + 3.5 2867.6 + 137.1* . 3756.8 + 197.2* 5391.1 + 136.2*  5384.3 + 150
U : ‘ : .

‘?Lﬂ)(cm §7.3 + 4.1  3490.7 + 257.7* 6899.7 + 415.8% 7012.0 + 232.5  6678.6 + 239
U

"AIK. P 1269.3 +°15.1  422.6 + 40.6%  606.3 + 34.4% 617.0£27.6 ° 517.7 + 61.3

~{un)

LDH .. 233.8 +49.3 495.3 + 49.7% >600 (4800%) >600 (4700) > 600
(/) , =0 ,

Statistical significance with‘respéct te preceeding coma grade
* p<0.001 )
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3.1.7 Liver Histology Followil:lg “Galactosamine—induced
Hepatocyte Injury ‘ . .

Light and electron microscopy of the liver tissue were
performed to study the cellular events occurring 'during
GalN-—induced'hepatocxte injury.’ ‘Samples of liver tissue
were obtained from normal (No GalN, Grade 0 coma) and
GalN-FHF animals during specific stages of liver in'jury'
(i;_e. °Grades I-IV coma). This has already been described
.in‘detail in the previous chapter. The histolegy results

from these studies are presented below.

3.1.7.1 Light Microscopy ’

-

Light microscopy of the liver tissue was performed on
31” normal and GalN-—EtHF rats in progressive’ grades _ of
hepatic coma. Each group of‘ animals (i.e. Grades 0-IV
coma) consiated of g' minimum of 6 an:}rals. Representative

results of liver histology 4re presented in Figure 3,9.

Figure 3.9a shows a liver section from a normal rat, before -

GalN insult -‘(Grad'e 0 coma) . ‘ The normal cord-like
arrangethent of the hepatocytes (H) .within the . hepatic
lobule is distinctly ‘visilble. The central vein (CW
portal area (P) are also free from any inflamatory
inffiltr_a tions. During Grade' I coma, 24 hours after GalN

insult, no significant changes in the hepatic lobule were

.




o

Fi\’urc 3.9: Representative 1light microscopy observations
of the. liver before and after galactosamine i tion. a:
Normal (Grade 0 coma) liver 1lobule. The normal cord-like
arrangement of the hepatocytes (4) within  the hepatic
lobule is distinctly wvisible. The central vein (c¢) and
portal areas (P) are also free from any inflamatory
infiltrations. bs: Hepatic lobule during Grade I coma, 24
hours after GaIN injection. ¢ & d: Hepatic lobule during
Grade II coma, 48 hoyrs after GalN injection. An almost
complete dissociation of -the normal cord-like arrangement
of the hepatocytes (H) is visible. Extensive areas of
hepatgéellular‘ necrosis (H), karyolysis, and portal
inflamation (P) is alsc evident at this time. e &k £
Hepatlic__lobule during "Grades IIXI and IV hepatic coma
respeactively. Extensive hepatocellular necrosis (H),
and “"inflamatory infiltrations are e¥ident.
Tissues were fixed in Carnoy's Fluid and stained, using
Delafield’ hematoxylin and eosin Y staining techniques.
Magnificqtion 360x.
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evident (Pigure 3.8!:). Liver injury was_ maximal 48 hours
/
after GalN injection when the animals were in Grade II
coma. Figure 3.9c .shows the hepatic lebule during Grade II
coma . At this time, there was an almost complete
dissociation of the normal cord-like arrangement of the
hepa tocytes (H) (Figure 3.9c). Extensive areas of hepato-
cellular necrosis, karyolysis, and portal i;wflamation were
also evident at this time (Figure 3.94). No further
significant changes 1n hepatic histelogy ,were seen 1in the
liver samples .obtained during ¢rades 1III and IV coma
(Pigure 3:290,£). Using a double-blind analysis technique,
it was impossible ;:o categorically distinguish be tween the
hepatic histology of rats in Grades II, III, and IV hepatic

coma .

3.1.7.2 Electron Microscopy

The ultrastructural events whi{:h occur following GalN-
induced liver injury were studied in 25 normal (i.e. Grade
0 coma) and GalN-FHF rats in pro?rassive stages of liver
injury (i.e. Grades I-IV hepatic coma). Eaéh group (i.e.
Grades '0-IV hepatic coma) consisted of at least 5 animals.
Representative electron micrographs of the 1liver "sections

from these groups of rats are presented in Figure 3,10.
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Pigure 3.10a depicts a normal hepatocyte before GalN
injury (i.e. Grade O coma). A solitary nucleus (N) with
numerous surrounding mitochondria (M) and endoplasmic
reticulum (ER) are vifible throughout the cytoplasm. The
interdigitating cristae witl};r'x the mitoch.ondria is :}50
visible at this time. ‘lli.gur'e 3.10b depicts a hepatocyte
from a FHF rat 24 hours after GalN-induced liver injury
(i.e. Grade I coma). At this time, the onset. 9f a close
association between the nucleus and ER was clearly evident.
The ER, once dispersed throughout the cytpplasmn, now
appeared to closely align itself with the nuclear xuembraneT

(Pigure 3.10b). Although no significant mitochondrial

4
aberrations were evident at this time, the interdigitation

of mitochondrial cristae appeared less prominent.

with progression of hepatic injury and the development
of overt encephalopathy during Grade 1I1I coma (48 hours
after GalN injectior}), the ER was sdgeen becomin§ closely
associated with th§ nuclear membrane such that it was
completely wrapped around the nucleus to envelop it (Pigure
3.10c). At places, the “nucleus-ER cémplex" was seen to
completely detach itself from - the cytoplasm (Figure
3.10d). Other ultrastructural aberrations seen  during
Grade II coma wefe the abnormal elongation of the mito-
chondria. Three to five fold eiongation of the mitocghondria

ar
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Figure 3;10\: Representative elgctron micrographs of the

Tiver tiss from normal and GalN-FHF rats in progressive
grades of hepatic coma.. a3 Normal (Grade O coma)
hepatocyte Dbefore galactosamine injection. A solitary

nucleus (N) with numerous surrbunding mitochondria‘ (M) and -

endoplasmic reticulum, (ER): are wvisible throughout the
cytoplasm., The interdigitating cristae within .- the
mitochondria . are also ' visible at this time. b: A
hepatocyte from a GalN~-FHF rat during Grade I coma, The
ER, once dispersed throughout the cytoplasm, now appéars to
align itself with the nucleus. c. & ds A hepatocyte from a

GalN-FHF rat in Grade II coma. The ER becomes closely .
-associated with the nuclear mengbrane guch that it is

completely - wrapped. around the .nucleus to envelop it.
Abnormal elongation of the mitochomdria and loss of cristae
are also evident at -this - timé, -"e: A hepatocyte from a

GalN~-FHF rat in Grade IIT coma. Complete detachment of the-

nucleus from the cytoplasin and the onset of karyolysis is

evident. £; A hepatocyte from a GalN-FHF rat in Grade. IV

coma. Complete' cellular necrosis resulting from karyolysis
can be seen. All samples wére fixed wusing glutaraldehyde-

and osmium tetroxide, and were post-stained - with uranyl -

s

acetate and lead citrate.- Bar represents .

A -
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were observed as they became stretched to assume a
"dumb-bell” conf;.guration._ By -this time all the mito- .
chondria {md migrated towards the nucleus, many sandwiched
: beéwe\'en the ER and the nucleus (Figure 3.104). In the
distorted mitochondria a disintegration of the cristae was
clearly evident. The interdigitation\ of the mitochondrial
‘cristae was also totaliy absent (Figure 3.10d).

During Grade pxix _coma, the detachment of the
“nucleus-ER complex” was more prominenlt and eventually’ - <«
bacame completely free .from the remainder of the Qytbplasm
(Pigure 3.10¢c). Mitochondrial aberrations dﬁfgng. Grade III
cona wei'e gimilar to those observed ;!uring‘ Grade II comA.

‘During Grade IV coma, the gomple;te 'destruction of the
nucleus or 'karyolyus was observed (Figure 3.10f). The

karyolysis . resulted in the creation gf a large lacunae in

et et e s e e i e s ol o e T
B et i Ama S e A —y— o i b g 3 i

#s00n ensued,

-

the place éravibusiy occﬁpiod by the /nucleus and necrosis . M\i

\ .

\

, 3.1.8 Brain Histology - Pollowing Galfctosamine~Induced
Hepatocyte Injury o

Brain edema has been previously reported to be the
major secondary complication of fu;minant hepatic failure
(Ware et al., 1971). 1In the present study brain edema has

been elaborately studied in the GalN-FHF rat model.

)
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Extengsive histological studies ‘of the brain tis;ue were
carried out by béth light and electron microicopy, The
brains from ‘nérmal (i.e. Grade o;coma) and GalN-FHF rats i;
progressive ;tagon of liver injury (i.e. Grades f-IV coma)
were prepared for tissue histology a; previously described,

L §
Representative results from these studies are presented

below.

;.1.8.i Light Micrbscopg , .o
Light microscopy of the brain ti;nut w&a‘ performed on,
a totﬁl_ of 31 horpal (Gfade 0 coma) and GalN-FHF animals in
pfogrosaiQa stages of li&;rl injury. (Grades I-IV coma).
éacﬁ group of animals (Gra&oa 0-IV coma) consisted of a
minimum of é rats. Representative light microscopy results
are presented in tiguro, 3.11-3:13.
The dense or compact - tispﬁo structure of the normal ,
T T brain parenchyma (l.e. “in” Gradé |0 coma Tats) is shown fm -
' Figure 3.i1a and 3.12a,Db. EviQonco of brain edema was
confirmed by the presence of large ovoid spaces in the
brain parenchyma (Geschickter and Cannon, 1963; Triep,
1978). No d4istinct evidence of brain edema was visible in
Grade I coma rats and their brain (cerebral and - cerebellar)

histology was indistinguishable from control animals

receiving ﬁo GalN (i.e. Grade 0 coma) (Figures 3.1la,b and
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3.12a-d). In contrast, hxténaivo‘ evidence of brain edema
was found in all tho’Galk-FHF animals displaying signs of
overt, encephggbpathy (i.e, Grades II-IV coma).

In ‘these animals the pfe-ence of ext;n-ivo braid edema
(E) was visible in the form of large ovoid spaces which
were seen scattered’ throughout the cersbral and cerebellar
p&ronéhyma, creating swoilingAand ,diltortidn of the brain

tissue (Figures 3;110-1, 3.12e,f, aha 3a-d). Although a

progressive increase in the“prasenco ~6f brain sdema (as
Qltimatqd- by the number";nd“ size of};hi edematous spaces
() was seen with increasing severity of' coma (Figures
3.i;-3;13), it was nrot posuiblc.to aa;quatcly elucidate the
mechanism(s) involved in the development of ns;ain vﬁdoma by
’ liéht mioroccopy alone. To férthqr study tpia,‘olcctron
microscopic invoaﬁigntton- were carried out to observe the

‘ultrastructural “eVents involved in the development 6f brain

edenma’ during li§er failure.

- - - -

. )

3.1.8.2 @}cctron Microscopy
'The 'ultrastructural changes occurfing " during the

development of briin edema . were examined Dby electron

\ microscopy studies performed on .25 normal (i.e. Grade -0
R . :

coma) and GalN-FHF rats in progressive stages of livor‘

injury (i.e. Grades I-IV). Each group of animals (i.e,

- L
-«

- 143 -~



¢

» . 1 .
' Pigure 3.11: Representative light microscopy observations,
) e cerebral tissue from normal -and’ GalN-FHF rats. a:
Cerebral  parenchyma of ‘a normal (Grade 0 coma) rat before
dalactosamine injection. A .dense and compact tissue
structure of the cerebral parenchyma can be seen. b:
Cerebral tissue from a GalN-FHF rat in Grade I' coma..
Evidence of very mild brain edema was visible " at this
time. ¢ Cersbral tissue from a GalN~PHP rat in Grade II
coma. thonlivo evidence of cerebral edema” (E) was visible
at this time. .d: Cerebral tissue from a GalN-FHF rat in
Grade 'IIIX coma. Extensive . widespread cerebral edema (E)
can bs seen throughout the cerebral parenchyma, - e & £
Cerebral parenchyma from a GalN-FHF rat in draao IV coma.
Extensive brain edema, in the form of large ovoid spaces:
(E), was seen scattered throughout the cerebral parenchyma,
creating swelling and distortion of the brain tissue.
. . _'Tissues were fixed in Carnoy's Fluid and stained usihg -

T B‘ir“ﬂnd‘rnmtm&rr md sosin- ¥ ataining _techniques.
Magnificut.ion 360:. -

e .

- — E

~
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'Figure 3.12: Representative light microscopy observations
of th b

@ cerebellar tissue from normal and GalN-FHF . rats. a
& bs Cerebellar parenchyma of a normal (Grade 0 coma) rat
before galactosamine injection. A dense and compact tissue’
structure of the cerebellar parenchyma can be seen. ¢ &
d: Cerebellar tissue from a GalN-FHF rat in Grade I c¢oma.
Bvidence of only very mild brain edema was visible. e &
f3 Cerebellar 'tissue from a‘ GalN-FHF rat in Grade 3 4
coma. Extensive cersbellar edema ' (E) was visible at this

©  time., .Evidence of tissue compression and distortion is

also visible. 'Tissues were 'fixed in  Carnoy's Fluid and

"+ stained using Delafield's hematoxylin and eosin Y atuining

.,. ’

technigues. Magnifieation 360x.
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Pigure 3.13: Representative 1light microscopy observations
of the cerebellar tissue from GalN-FHF rats. a & “b:
Cerebellar tissue from'a GalN-FHF rat in Grade III ' coma.
Marked tissue edema (E) is visible throughout the
cerebellar parenchyma. c¢ & ds Cerebellar tissue from a
GalN~-FHP rat in Grade IV coma. Extensive tissue edema (E)
can be seen throughout the cerebellar parerichyma. Tissue
distortion and compression is also distinctly visible.
Tissues were fixed in Carnoy's Fluid and stained using
Delafield's hematoxylin and QOtiq Y staining .techniques.

Magnification 360x. . -
)
i i
. ~
& .
’\'
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Pigure 3.14: Capillary from the cerebral cortex of a
nogEaI rat, Dbefore galactosamine injection and.- no liver

injury or coma (Grade 0 c¢oma). A compact cerebral
parenchyma with no wvisible evidence of any abnormal
astroglial (AG) swelling is evident. L: capillary lumen.
Sample was fixed using glutaraldehyde and osmium tetroxide.
and was post-stained with uranyl acetate and lead citrate.
Bar represents 1ly. ‘
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Gradfs 0-IV coma) céﬁsisted of 5 animals. Regresentative
results from these groups are presented in Pigure 3.14 and
Figure 3.15: Pigure 3.14 depicts a cerebral capillary of a
normal rat with no liver injury-or coma (Grade O coma). A
compact cerebral parenchymanwith no evidence of any
abnormal astroglial (AG) swelling is visible. Figure 3.15a
shows a typical cerebral capillary of rats in Grade I : coma,
24 hours after GalN-induceé liver injury. At this time,
despite slight astroglial swelling, no major changes were
evident in comparison with normal rats.

Galactosamine results in m;ximum liver damage 48 ﬁours
ﬂpfter its administration. At tiis time, ngurological
abnormalities such as coma are also distinctly visiQ}e.
Figure 3.15b shows a typical cerebral capillary of a rat- in
. Grade I1 hepatic coma ., Extensive swelling of the
astroglial (AG) cygoplasm can be seen in the pericapillary
asérocyte. Abnormal presenc: of cyioplasmic vacuoles (V)
and swollen mitochondria were seen throughout the bra%P
tissue, especially in the grey matter in the region 6f the\
brain stem and candate nucleus. Figure 3.15c depicts a
cerebral capillary from a rat in Grade III hepatic coma.i>
Extensive astroglial swelling and tissue necrosis can be “
seen in the pericapillary astrocyte (AG). Evidence of
large cytoélasmic vacuoles as well as tissue distortion was

-~
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also prominent at this stage (i.e. Grade III coma). Figure

/3.15& depicts a cerebral éapillary of GalN-PHP rats in

/Grade IV coma. 'As was the case during Grade III coma,

animals in Grade IV coma also sho‘v;ved evidence of extensive
‘LastrOglial swelling with- tissue necrosis (Pigure 3.15d, see

'a:row) . Mitochondrial. swell;.ng, abnormal presence of
@ lvac.uoles} (v), and ’othe“r . cytoplasmic aberrations were
evid"ent‘tj.hroughout the cerebral parenchyma, Evidence of
tis'sue compressién and distortion due to brain edema and
swelling was simjilar in animals manifes;;ing- Grade 1III and
Grade IV hgpatic coma,

[y

3.1.9’j Evaluation of the Evolutioj of Brain Edema During
Galactosamine~Induced Fulminant Hepatic Failure

" In ‘t.he present section, ,a Quantitative evaluation of
the evolution of brain edema following .GalN-induced liver
injury i‘e pre'genﬁedi. Since brdin edema is be;:t' defi;xed as
an incfea}se in brain volv:me (swelling) owing to Em increase
in it; water content (Fishmazn, 1975; Ripoport,- 1976; GO.
1980), this Wasldetermine‘d: The deve%dpmeh‘t of brain edema
lias been studied in terms of both brain water content and .

percent. brain swellingﬂ as follows:




Figure 3.15: Representative electron micrographs of the
derebral cortex of GalN-FHF rats in progressive grades of
hepatic coma. ' ap A typical cerebral capillary of a
GalN-FHF rat in Grade I coma. At thisctime, despite slight
astroglial. (AG) swelling, no major changes were evident in
comparison with normal rats, Db:; A typical cerebral
capillary of a GalN-FHF rat in Grade II hepatic coma.
Extensive swelling of the astroglial (AG) cytoplasm can be
seen in . the pericapillary astrocyte. Abnormal vacuoles (V)
and swollen mitochondria are also evident, ¢ A typical
cerebral capillary of a GalN~FHP rat 'in Grade III hepatic
coma. Extensive astroglial swelling and tiassue necrosis
can be seen in the pericapillary astrocyte (AG). Evidence
of large cytoplasmic vacuoles :(V), as well as tissue
distortion, was also prominent at this stage. d:- K
typical cerebral capillary of a GalN-FHF rat in Grade IV
hepatic coma. Evidence of - extensive astroglial (AG)
swelling, tissue necrosis {see arrow), mitochondrial
swelling, , abnormal presence of vacuoles, and other
eytoplasmicg aberrations were seen throughout <the cerebral
parenchyma at this time. L-capillary lumen. Samples were
fixed using glutaraldehyde and osmium’' tetroxide, and were
post-stained with uranyl acetate and lead citrate. Bar
represents 1lu. . o

>
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3.1.9.1 Brain Water Content Measurements

Brain water content (g H20/g dry wo:ll.’ghtm of brain)
measu;‘ementu were determined in normal (Grade O.coma) and’
6&1&-?&? rats in progressive stages (Grades I-1v coma) of
iiver 1nju.i;y. . RGSl‘llts from a total of 53 animals are
presented in Figure .3.16 and Table 3.6. A steady increase
in ﬁgain water con‘tent was observed as the animals
progre‘s;ed through increasing severit} of coma (i.e. Grades
0-IV coma). Increase in brain water con'tent first became
statistically significant (p<0.02) with tpe development of
ove’rt encephalopathy during Gr;de I]:\th;oma. At this time
brain water content increased from 3.474 % 0.12 g H‘zo/g dry
weight (normal levels) to 3.531 + 0.018 g Hy0/g dry weight
(Grade II coma). With inci:“eaaing aeverity' of coma further:
increases in brain water content were observed., Just prior
to death in Grade IV coma, brain water content had

increased by over 5.41% of control values to 3.663 + 0.027

g H0/g dry weight (Figure 3.16 and Table 3.6).

3.1.9,2 Estimation of Brain Swelling During Brain Edema
Increases in braixlx . water c'ontent (i.e. brain edema)

during progressive stages of liver injury- resulted in

suﬁatantive swelling of the brain tissue. It was observed

that relatively small increments in water content
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. FPigure 3.16: The percent increase in brain water content

. V8 e time (in hours) after galactosamine injection. The
graph also depicts the progressive increases in brain
edema, as measured by increase in brain water content,. with
increasing severity of hepatic coma. .
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. g Table 3.6

’

.Measurements of Brain Edema in Normal and Ga'lactosaiine-lnduced FHF Rats

e

Group  Grade of Coma  Number Brain Water Content % Brain Water Content % Swelling

No. of g Hx0/g dry wt. of {mean + SE) of Brain -

: Animals  brain [mean + SE) ~ . ‘ (mean + SE)

1 0 (Normal) 11 3.474 + 0,012 77.649 + 0.061 0.000

2 1 - 16 3.492 + 0.009 77.736 + 0.041 0.393 + 0.196%

3 I 11 3.531 + 0.018%* 77.835 + 0.022 1.277 + 0.410%*+

a 11 6 '3.618 + 0.039®  _ 78.500 + 0.162 5.677 +0.7832
5 INe ~ 9 . 3,662 + 0.027° 78.544 + 0.125 ¢ 4.343 + 0.505°

Determination of brain edema (in terms of brain water content and brain swelling) in various stages of
hepatic ‘coma (i.e. Grade I through Grade IV coma). Normal animals, receiving no galactosamine
injection, are designated as Grade 0_coma. A progressive increase in brain water content was observed
wnich became significant in Grade II- coma, 48 hours after galactosamine injection., Significant brain.
swelling was evident as early as Grade I coma, 24 hours after galactosamine injection.

Statistical .significance by Student 't’ test: )
- Al ‘M R
* p<0.05 } . €

** p<0.02 with re*specrt to normal (Grade O coma) rats

*** p<0.005 ¥
¢ p<0.05

A p<0o.02 with respect to Grade Il coma rats

0 p<0.001

L} i Va
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represented much larger volume increases of the brain (i.e.
brain swelling) (Table ?. and Figure 3:17). For instance,
an increase of the brain's percent water content from a
normal w‘telue of 77.649% to 78.544% in Grade 1V coma
resulted in swelling of the brain by 4.34% (Figure 3.16 and
Table 3.6). Tima, significant (p€ 0.05) swelling of the
brain was evident’ aé early as Grade I coma, /24 hou;:n after

GalN liver injury. With the further progression of ‘liver

iinjury and the development of coma, substantive swelling of

the brain was ‘observed with subsequent grade of coma.
Althoygh increase in' brain swelling -was observed with
severity of coma, no Qtatistically significant difference

in brain swalliné was observed batween Grade IITI and Grade

" IV hepatic coma.’

“

3.1.10 Test for the BStructural Integrity of the Blood-
Brain Barrier During the Dsvelopment of Brain Edema
in Galactoamine-Induced , Fulminant Hepatic Failure
Rats - !

Brain  histology , and Dbrain water measurements

[

., conclusively proved the presence and dez%gp@ent of brain

edema during GalN-induced livqr injury. Howeve"r , ‘these
studies could. not provide the basic information regarding
the nature of the evolution of brain edema during

GalN-induced acute liver failure. To determine this the

physical liritegrity of the blood-brain barrier was tested /
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_ DEVELOPMENT OF BRAIN EDEMA FOLLOWING
GALACTOSAMINE-INDUCED LIVER INJURY

£y

BRAIN WATER CONTENT
-(g H20 /g dry wt)

GRADE OF COMA

»
]
*

% BRAIN SWELLING
: (-]
1

- .’.."..

Mo

* &
GO0 0
o.oo-lcootv!’i‘l D.'.'..'

VT T T Y
OO0
OO0

U O a8 B )
OO0

OO0

SO0
O

resee

..
O 20

DO
o e0 e

OO

»

TSI S s ss 3.¥
OO0

Ty
-

2 ¢veoeeose s gt il l

SO IO IO
OO0
IO )

‘0 R

brain water
Bottom panel:

-

GRADE. OF COMA

<

of Wrain

progressive

much

the

Figure 3.17r The development aedema
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during progressive stages of GalN-inddged. liver injury.

Trypan blue dye infusion studies were carried out on 25
normal and comatose GalN-FHF rats ﬁ(s ih each group -~-
Grades 0-IV hepatic coma). Representative reagults are
pre;ented in ?igur; 3.18. An intact blood-brain barrier
nor;nally prevents entry of the dye to stain the brain. Any.
staining of the |Dbrain would reflect an ircrease in
permeability, or the total breakdown of the blood~brain
barrier.

As was expected, norma} animals (1.3’9. no 1iv.er damagq,
Grade 0 coé;na) showed no signi:&ieant coloration of the brain
‘tissue following intravenous trypan blue infusion (Figure
3.18). with progression of -liver injury but before the‘
d-av'elopn}ént of overt encephalopathy (i.e. Grade I coma)
only a slight bluish colorati'or; of the cerebral cortex was
bb’aarvec‘i.‘ During Grade II ::oma, when liver injury was alg’g,_lh
maximal (i.e. 48~ hours after GalN injection), both \’ ;,ho
cerebrum and cerebellum were only slightly tainted blue.
However, batween the two regions of the brain, ghe dt\e\x.:—
bellum showed dJdeeper qtaining (lpigure 3.18). ' with tge‘
progresgior; to deeper grades of coma (i.e. Grades III and
Iv hapa}:ic coma), a distinct deep Dblue coloration of the
tétall br;\in -'was seen. Upon ‘sec;:foning the atained‘\brain at )

this time, the distinct deep blue staining by trypan’ blue

‘wasg- visible in the cerebrum, cerebelll.ifn, and regions of the

n

brain stem, , i




e

Figure 3.18t Representative results showing the integrity
o e ood-brain barrier during progressive stages of
GalN-FHF. A 2% solution trypan blue dye was infused into
the carotid artery of normal (Grade O coma) and GalN-FHF
rats in progressive gradas of hepatic coma. An intact
blood~brain barrier normally prevents entry of the dye to
stain the brain. Any staining would reflect an increase in
permeability or the total breakdown of the Dblood-brain
barrier., Animals receiving galactosamine in‘jection
(Grade 0 coma) showed no staining pf the brain with trypan
blue. GalN-FHF animals in Griddes I and II' hepatic coma
showed only slight coloration of the brain tissue. With-
progression ‘'to deeper gradeg” of coma (Grades II and IV
hepatic coma) a distinct deep”blue coloration of the brain
was seen. Upon aectioning the stained brain at this time,
the distinct deep blue staining of the brain was visible in-
the cerebrum, cerebellum, and regions of the brain stem.
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/ 3.2 PROSTAGLANDIN Ep STUDJIES oﬁul:msmm-:mucm

HEPATIC INJURY
. The effects of PGEp on GalN-FHF rats in Grade II coma
were studied as described in Chapter II of this thesis.
Only rats in Grade II coma were used in this study as PGE;
':;aél no signific]mt eff¢cts on the survival time of rats in
later grades of coma (figurc 3.22%. Grade II coma also
represents . the stage of maximum liver injury by GalN. PGE,
has been reported to significantly increase the survival
time of GalN~-FHF rats in Grade II coma (Dixit and Chang,
1982). It is as yet still unclear what role PGE, plays in
prolomjing tixe . Burvival time in these rats. In the present
\atudy; the effects 6f PGE; on the serum blochemiatrx axlxd.
;k liver histology has been studled foquowing GalN- induced_
hepatocyte ”injury and t]{e davelopment of Grade II coma.
Since f.he' evolution brain edema is a- major feature during
'/ GalN liver ir;jury, the effects of PGE2 on its development
was also investigated. ;_Zalitative (brain histology) as
well as quantitative (brain water content and brain
‘swelling) studies were performed and are presented in
' subsequent sections of t.his chapter.

3.2.1 Dose-Response of Prostaglandin Ep

The -dose-response curve of PGE;. is shown in FPigure

5.;19. Of the range of PGE, doses tested, it was seen that

-
pa

e '
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DOSE RESPONSE CURVE OF PGE, IN GRADE Il COMA FHF RATS

25 = ]

"SURVIVAL TIME {hrs) ~

1 v 10 80 100 200 800
PQE, DOSAGE (/1009 body weight)

Fi%ure 3.19: Doée-response curve of PGE3 in Grade II cbm‘&'
GaiN-FHF

rats. various doses of PGE; were intra-
peritoneally injected into GalN-FHF rats in Grade II
hepatic coma, Any significant _effects of PGE» on these

rats reflected as significant changes in the survival time
of. the FHF rats. From these studies, it was found that a

PGEp of dose 100 ug PGE3/100g body weight was optimal in
its effect. . '

¢ i
-
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the PGE, dosé of 100 ug PGEp/100g body weight was optimal
in its effects. Table 3.7 and Pigure 3.20 show the effects
of various doses of PGE; on the survival'tim;a of Grade II
coma FHF rats. A PGE; dose of 50 pug/1009 body weight, or
lower, had no significant effects on the survival time of

the rats tested. PGE; dosage of 100 ug and 200 ;g9/100g

body weight had similar beneficial effects of increased

survival time in the GalN-FHF animal;\\ tested, ' No-~

significant beneficial effects of PGE; were“observed with

respect to survival rateé of the GalN—PﬁF animals, . for the,.

range of PGEy doses tested (Figure 3.21 and Table 3.8). On

the basis of these observations, the optimal dose of 100 7L |

PGE/100g body weight was selected for all subsequent

experiments involving PGE,. !

3.2.2 The Effects of PGE; During Terminal Stages 'O

- Galactosamine~Induced Fulminant Hepatic Failure
Unlike the response in Grade II hepatic coma GalN-FHF
rats, it was observed that PGE; had no beneficial, effects

in Grades 1III and IV hepatic coma, There were no signi-

%

ficant effects in either the survival time ‘ox.' su;vival. rate
in these latter rats (Figure 3.22 and Tables 3.;, 3.10 )“.
It was concluded that Grade III and IV hepatic coma 'repre-"
sented terminal stages of GalN-FHF and were theréf;;fe

excluded from the present/s'tudy. Unless otherwise indicated,

</_:‘65 -
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Table 3.7

Dose—Response of PGE> in Grade II Coma Galiactosamine-lnduced "
FuTminant Hepatic Failure Rats: survival Jime Studies

PGE2 Dosage n* Survival Time (Hrs +.SE) Statistical Significance
( g/100g b. wt.) PGE; . saline (Studént t-test)**
1 0 4.6+1.2 4.8+ 1.0 ~ p<f90 NS,
10 36 3.5+1.0 4.0+ 1.5 p<0.80 ~ N.S.
50 44 s.s;z.o' 4.5 + 1.1 p<0.50  N.S.
100 66 16.2+5.2 4.3+ 1.6 p<0.05 S
200 48 15.6+5.4 4.6+ 1.1 p<0.05 S -

* Total number of rats (from 3-6 experiments) for each of the PGE
treated and saline control groups.
** With respect to corresponding “matched” saline controls

S = significant.
N.S. = not significant
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DOSE RESPONSE OF PGE, IN GRADE il COMA RAYS
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Fi?ure 3.20: The effect of PGE on the survival time of
GalN-FHF rats in Grade .II hepatic coma. PGE; doses ranging
from 1-200 pg PGE»/100g body weight were injected intra-
peritoneally into GalN-FHF rats im Grade II coma. Any
sigaificiant effects of PGE) were reflected as significant
improvements Jn the survival time of these rats. In these

studies PGE; dose of 100 ug PGE»/100g body weight was
optimal in its effects. .
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Figure 3.2l: ' The effects of.PGEZ on the survival rate of
Ga?ﬁ-ﬁi? rats in Grade II hepatic coma. various doses of

PGE, rang‘ng from 1-200 ug PGE,;/100g, body weight were
injected intraperitoneally into GalN-FHF rats in Grade 1II
coma. Any significant effect of PGE; were reflected as
significant improvements in the survival rates of these
rats. In the present studies PGE; did not significantly
improve the survival rates of GalN-FHF rats in drade 1II
coma. ’

' - 168 -

v



N - Tible 3.8 . _

Dose-Response of Pél-: in Grade II Coma Galactosamine~Induced
Fulminan’i Hepaﬂc Fd |ure Ra‘is: .Surv?va! RGELSEH*GS

{

: A1 S
7 -~
. <
PGEp Dosage *  No. of Survival Rate** (%) Statistical Significance
( g/100g b. wt.) Experiments* PGE2 saline (Student t-test)***
) 1 ~ 3 28.3 + 5.1 30.8 + 3.3 p<0.80 ~ N.S. .
d 10 3 30.4 + 5.0 33,0+ 5.0 p<0.70 N.S.
v * = 14
' - 4 ° 29.2 + 4.2 32.4 +5.3 p<0.65 - N.S.
Y } -
2 ~ , ~
, \\ 100 6 . 38.3+5.2 ng:;a. p<0.30  N.S. ’
200 ’ 4 35.6 + 6.0 33.3 + 4.8 p<0.80 N.S. *

~
r * -

“* Each experiment involved 8-12 rats for each of the PGE2 treated and saline
control=groups.

# Calculated from a mean of 3-6 experiments N
wxk “With respect to corresponding “matched” saline controls
S = gignificant : T .
N.S. = not significant . ~




EFFECTS, OF PGEy ON THE SURVIVAL TIME
_OF RATS IN TERMINAL STAGES OF GALN-FHF
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Figure 3.22: The effects of PGE; on the survival tjme of
rats in terminal stdge of GalN-FHF. Terminal .stages of
GalN-FHF have been described as the stages when the rats
were in Grades II1 and IV. hepatic coma. - PGE; was injected
intraperitoneally at a dose of 100 pug PGEz/100g body
weight. No significant improvements  in the survival time
was observed following the injection of PGE; in these rats. .
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Table 3.9 !
The Effects of on_the Survival Time of Galactosamine-Induced
ulnfnan c Failure n [TT and IV Hepatic Coma.
< b
Grade of PGEsoDosage n* . Survival Time (Hrs) Statistical Significance
Coma ( gll g 6. wt.) . PGEz saline {Student t~test)**
111 ~ 100 ' ° 30, 1.6+0.6 1.4+0.5 p<0.80 N.S.
v 100 32 3.5+1.0 40+1.5 p<0.80  N.S.
“ — o s

Total number. of rats (from 3-6 experiments) for each of the PGE> treated
.and saline: tontrol groups.

** MWith respect to corresponding "matched” saline controls .' —
R - ]
- § = significant
N.S. = not significant . o.
<
. 2
- a3 &
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Table 3.10

¥

, The Effects of PGE> on the Survival 'Rate of Galactosamine-Induced
’ “Fulminant Hepatic Failure Rats 1n Grades 111 and. IV Hepatic Coma

——
-~ - )

G;;de of PGE2> Dasage No.' of Survival Rate* (%) Statistical Significance
Coma ( 9/1809 b. wt.) Experiments PGE) saline 't' testr**
4 TIL 100 s 0 0 N.S.
- ‘
Iv 100 ' 4 o 0 N.s.

#*  Calculated from a mean of 4 experiments

-

T

_*  Each experiment involved 8-12 rats for each of the PGEp treated and saline,

control groups

2

*** With respect to corresponding "matched” saline controls

. § = gignificant ' . .
N.S. = not significant . W
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" 4) 8 hrs. after PGE; imjection.. Serum samples wel."abanalyzed

. '

: : . -
the present study investigated the effects of PGE, (dosage
100 ug PGE/100g body weight) on GalN-FHF rats in Grade

A

II hepatié coma, _ .

L4

3.2.3 Blood Biochemistry . Analysis in. P}Oltaglanéin Eo
. Injected Galactosamine~Induced Fulminant  Hepatic

Failure Rats s
The e-f‘fect of PGE; . was studied on GalN-FHF rats in

‘Grade II  hepatic coma. Pollowing the development of

GalN»FHEj; only those animils which - had developed symptoms
of Grade I hepatic coma were nselected for ',the Pqﬁz

- 3 N O - - . ) . )
studies. This ti_mo‘ . was - designated as "0 hour.“

. ” , , N ! °
‘Subgequently, PGEz or physiological saline (as control) was
" injected 1ntraperitoneélly into the Grade II coma rats. At

specific times, i.e. & or 8 hours after Pezzv (or. saline)

injection, blood and tissue samples were obtained for serun

Qidchemistz"y and iive}.‘ histology.” Since the mean survival
tim; in .the ss.ling injected co}itr:ﬁl animals was only 4.3 +
1.6 hrs. (Table 3.7 an\d\ P{igure[ :‘3.20) no "sfample"s could "be
cbtained for the ani.;nal‘a in this group after 4 hours. T§e
samples‘obtained . were dgsignated as follows: 1) 0 hr.
(initial sample, before' PGBﬂaali’ne‘ injeciionj; 23 4 hrs.

dftezj saline injection; 37-4 hrs. «aftl.ex; PGE, 'injec‘if:ion; and

. 1
+ -
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- autoanalyzer as follows:

between  the PGEZ and saline groupa at 4 lours after

all’ animals in both groups 'to prevent the hypoglycemia

‘obsegved at 4 hours in. the same group. When compared to 0

. biocheénietry of PGEy/saline injected dnimals is as follows: -

- - gv . 5 ’
for clinica\l biochemistry and electrolytes by t"he SMAC-I1I

N L
- W
» v

3.2.3.1‘& c1‘inica1 Biochemistny Analysis in PGE, Studﬁgw

SMAC results of the clinical _ serum biochemistry
analysis of the PGE,/saline inject&d rats are presented in .
Pigure 3.23 and Table 3.11; No statistic‘ally uignificant
biochemical differences ‘vimre obaervod * in all parameters

. : /
PGE,/saline injection. The increase in glucose leveldh is

- due to the aub—cutaneous injection of 50% dextrose given to .

observed after GalN-induced hepatocyte injury. Eight hours
after PGE, injection, the " elevated 4erum BUN levels ware

reduced ,significant].y {p< 0,001) in comparison to levels

hr. (pre-PGEzl saline injection 1evels) .‘ the elevated serum
c;:-e_atinine lev”els 'in PGl;z injected animals were also
significantly (p < 0.001) reduced (Figure 3.23 and Table
3.11). Total Dbilirubin 1levels were significanﬁly'
(p < 0.001) increased in the PGEg animals 8 hours after PGEz

.
injection. A  detailed analysia of ‘t'he‘ -clinical

-
‘
Lo
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FPigure 3.23:

The SWAC 1T~

autoanalyzer, * during the PGE3

-

Compared to 4hrs PGEQ"-
Compared to O hrs (j.e. before PGE, /saline injecfion)

Serum biochemistry analysis, as performed by
studies.- PGEj

was intraper:.toneally injected into GalNZPFHF
Serum samples were obtained for
injection (i.e. O hr.),

Grade 11 " hepatic

‘analysis before
specific times

~injection,
Student 't’

Statistical asignificance was

test.

PGEj
(i.e,

cama.

4

and 8 hrs. ). after” PGE
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i Jable 3.11 ) ’ -
Serum Biochemistry Analysis: PGEo Studies
& . - = -
Time of “Q hrs 4 hrs after - 4 hrs after 8 hrs after

Sampling (hrs.)  (Grade II Coma) * PGE2 injection  saline injection  PGEp injection

- % v
a
°

no- 13 ‘ g . - T, .14
GTucose 97.00 + 4.9 “136.70 +5.8 153.10 + 6.1 ° 160.90 +-23.7
(mld]) * - » ' \

BUN - 23.30'i 1.47 42.20 + 3.48 36.67 + 6.9 24.80 + 1.3+
("’g/d]) : ' y : Yy g‘ . L I

" Creatinine 1.03 + 0.04 1.30 + 0.06 -1.20 + 0.5 0.78 + 0.04%*
(mgrd1) . : " “ ’ : - '
Uric Acid 1.91 + 0.09 3.92 + 1.2 1,70 + 0.2 k.60 +0.12
(mg/;ﬂ) . - » -
. : - . .

D .

Total Proteins 4.96 + 0.10 4.94 + 0.13 - 5.13 + 0.17 4.74 + 0.15
(g/dl) - - - a - N -
Albumin., 3.07 + 0.07 _  2.76°%0.07 ©  2.97 +0.14 2.78 + 0.08
(g/d1) o . o - ! o
Total Bilirubin '3.38 £ 0.J0  4.42 + 0.59 3.50 + 0.26 5.39 + 0.5%*
(mld]) i d - i -} :'T.
Cholésterol © 129.00 1 6.5 98.00 + 4.5 ° " 9.70 + 8.2 120.60 + 12.6
(mg/dl)— , ¢ . -
' .48 ‘hrs after Ga]actosamine injection L S C Ly
* p<0 001 compared to 4 hrs_PGEp v .
<D, 001 oompared to 0 &rs (i.e. before PGEZ/saHne injection) 3 e i

!



1) Glucoses PGEp; had np effect on “ preventing the

fal’l,l or causing the elevation qf serum - glucose levels in
Grade II ’coma FHP : ‘rats, Since severe hypoglycemia Nis'a
major sylhpu:)m of GalN Ninduced hepatocyte injury, all
animals were :;iven 2 'ml of 50% de'xtrose by sub-cutaneous
inj'ectiﬁn. This was sufficient to prevent the hypoglycémia
and- restore serum glucose tO pre-—GalN levela. The increase
in '.serum glutose. £xom 97.0 + 4.9 mg/dl to 146.7 + 5.8 mg/dl
in PGE; - animals at, 4 hours PGEZ was due to the sub-

cutaneous dextrose. injection. CO\_/tOl FHF animals

- receiving saline had similar increabes in glucose levels

4

_following subcutaneous injections of 56% dextrose (Figure

3.23 and Table 3.11).

¥

2) Blood! Urea MNitrogen: A nearly 1.5 to 2.0 fold

in\crm'ne in BUN levels was seen 4 hours after saline and .

” . * e~

pézz injection respectively. This elevation of s;r,um BUN
corfcsponded to the similar BUN 1ncrease seen when t};e rats
progreued from Grade II to Grada III coma (Pigure 3.6 and
’I‘ablo 3.3). a signi{icant (p< 0.001) £all in BN 'levels
was observed a,_ho_\érst' after PGEj; injection. At this time
BUN levels were sinilar to those seen during Grade II coma,

just prior to PGE, injection (Figuu 3.23 and 'rable 3,11).

‘Incidentally, this was also the level observed during Grade

IV coma, just prior to daath (Pigura 3.6 ang,'rablo 3. 3)

\""<' . . - . s s
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3) © Creatinine; 'No significant increases in serum
creatinine levels were observed in either the. PGE; or

saline injected animals at 4 hours (Figure 3.23 and - Table

2 3.11). However, at 8 hours after PGE; injection a

significant (p«£0.001) decrease in creatinine was “ observed

and was similar to the creatinine level seen during Grade

IV coma, just prior to death (Figure 3.6 .and Table 3.3). . ?}
4) Uric Acid: A greater than. 2 fold increase in uric
acid levels was ' observed in the PGE; injected rata‘after' 4

L]

hours. Control rats injected with only saline showed no

‘such elevation :in uric acid 1levels at this time. ‘At 8

hours after PGE; injection, uric acid levels declined to

~

those seen in Grade II coma, prior to PGEjy/ saline injection .

(pigure ‘'3.23 and Table 3.1l1).

5S) Total Proteins: No significant differences :i.'n
total Erotein concentrations were ébser\;ed :f‘.i;er'
PGEg/s_alﬁhe injection.(rigure 3.23 and Table 3.11).

é) Albumin: No° significant a%teratic')rns in album.{n
concentrations were o.bse‘rved following | PGEZ/ saline
injection (Figure 3.23‘ and ‘Table 3.11). A

7) Total Bilirubins A steady in‘cx:ease in total

[}

bilirubin levels was seen in the PGE; injected rats._ The
23 . .

increase became statistically significantﬁa hours after

-

PGE3 injection. At this time a nearly 1.6 fold increase in_

- \

9
L] ¢
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total bilirubin was observed over those measured during
Grade II coma (i.e. at 0 hr.). Control animals receiving
only saline showed no such increaSes (Figure 3.23 and Table
3.11). S

8) Cholesterol: No significang diéferences in serum
cholesterol levels were observed between the PGE, and
saline injected groups. Despite a slight fall (at 4 hrs.
PGEy/saline injection), choleqterol 1e6el§‘ remained
elevated at 8 hours aftér PGE; injection (Figure 3.2{ and

a

Table 3.11). -

3.2.3.2 Serum Electrolyte Analysis in PGEy; Studies

Serum electrolyte measurements obtained during the
PGE; studies are presented in Figure 3224 and Table 3.1l12.
Alterations in all 1ions, with the exception of Calc;pm,
were =seen during the course of this study. Specific
electrolyte changes are described' as followé: )

1) Sodium: A significant (p<0.01) de;rease in sodiunm
was seen as early ag\ 4 hrs. after PGE, dinjection. No
further change in sodium was observed at 8 hours PGEj
(Pigure '3.24 and Table 3.12). In - ‘the control rats
reéeiving only saline, sodium levels fgllowed the normal

patterns observed during the transition from Grade II to

Grade III coma (Figure 3.7 and Tablé 3.4). ' &
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TIME AFTER PGE, /SALINE INJECTION (hrs)

0.01 compared to 4hrs PGEjp .

0.05 compared to 4hrs PGE,

0.02 compared to 4hrs saline

0.005 compared to 0 hrs (i.e. before PGE, /saline injection)
0.01 compared to O hrs (i.e. before PGE, /saline injection)

Figure 3.24: Serum electrolyte analysis, as performed by
the SMAC IT1 autoanalyzer, during the PGE; studies. PGE

was intraperitoneally injected into GalN-FHF animals in
Grade II Thepatic coma. Serum gamples. were obtained for

analysis
specific

before PGE3 injection i.e. 0 hr,), .and at
times (i.e. 4 and 8 hrs.) .after PGE, (or saline)

injection. Statistical significance was determined by the
Student 't' test,

—~
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Serum Electrolyte Analysis:

ol

Table 3.12
PGE2> Studies

- 18T - -

Time of 0 hrs 4 hrs after 4 hrs after 8 hrs after
SampTing (hrs) (Grade II Coma)' PGE2 injection /~ saline injection PGE2 injection
-~
-~
M \ o
n 13 9 7 14
Sodium 15080 + 0.87 142.40 + 1.9 145.00 + 4.70 | 144.60 + 1.6
(meq/1) .
Potassium 4.78 + 0.38 6.75 + 1.1 7.00 + 0.67° 4.95 + 0.36%**
(meq/1) .
Chloride ' 95.73 + 0.99 92.60 + 0.87 95.00 + 2.60 96.00 + 0.66*
(meq/1)
Calcium * ®  9.88 + 0.40 8.82 + 1.7. 10.60 + 0.3 9.46 + 0.47
(mg/d1)
Inorganic
Ph(;spt)\orous . 11.84 + 0.62 11.22 + 0.8 , 11.73 + 0.73 9.10 + 0.49%+,A
(g/dl .

' 48 nrs after Ga¥actosamine-injection

* p<0.001 compared to 4 hrs
** p<0.001 compared 'to 0 hrs

- *% p0.02 compared to 4 hrs

A p<0.005 compared to 0 hrs
O p<0.01 compared to 0 hrs

PGE 2

(i.e. before PGEp/saline injection)

saline

(i.e. before PGEp/saline injection)

(i.e.

before PGEp/saline injection)



_ 2) Potassium: Althouéh no significhnt diffgrence in
potassium levels was qbserved between the PGE; and saline
groups at 4 hours after PGEy/saline inaection, serum
potassium was significantly (p< 0.01) elevated in the
control group (receiving only  saline). Elght hours after
PGE; injection, the botassium level was significantly
(p < 0.02) " lower when compared to its levels in the control
(saline) group at 4 hours after saline injection (Figure
3.24 and Table 3.12). -

3) leoride: INQ significant change in dn%oride levels
was seen in the PGEz“or saline control gronps at 4 'houf§§
after PGEQ(saiine— injection. At 8 hours after PGE;
injection a slight rise in chloride levels was obserqu.'
‘The fiuctuations in chloride levels remained within the
normal physiological range (Figure 3.24 and Table 3.12).

4) Calszum: Despite minor fluctuationa,‘ no
aignificant Ehange in ‘calcium 1levels was seen during the -
course. Of this study (rigure 3.24 and Table 3. 12) '

5) Inorganic Phosphorous: A steady decline in inor-
ganic phosphorous was seen during éhe course of this study.
The decrease in phosphorous became ' statistically aiénif;-
cant (p < 0. 065) 8 hours after PGEj iqjection. Control
animals receiving only salihne showed no significant varia-

L

tions in phosphorous levels (Figure 3.24 and Table 3.12).
. ¥ '
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- and Table 3.13)- ’ l )
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3.2.4 Liver Enzyme Meair;emontl During PGE; Studies

{

The measurements of :11ver enzymes Qbtained dAuring the
PGEy atudie: are presented in Figure 3.25 and Table 3.13.
A significant decrease in enzyme levels was seen only in
the. PGEy injected group. 1In particular, serum - ASAT and
ALAT showed (significant decreage during the course of this
stddy. No significant changes were observed in AP and LDH
in this s?udy. Detailed assessments of enzyme changes are
presented below. ‘ 3

1) Aspartate® Aminotransferase: A significant
(p <;0:0&7> degrease (178) in tﬁ#m leavels was obsqrveé in the
PGE; injected animals as early as 4whours after PGE; injec-
tion.. ASAT levels remaknéﬁ depressed at this level ;ven at
8 houra'aftgr PGE; injection. There were no statistically
significant variations in ASAT levels in the control rats
receiving only_s;llne‘(rigurc 3.28 ;nd Tabla:3:13).

'2) Alanine Aminotransferase: As was for ASAT (above),
ALAT levels also steadily fell after PGE; injection. The
de.ci'ease in ALAT betcade-statistically significant (ia_< o.oé)

8, hours after PGE; injection. 1In control rats receiving

only saline, ALAT 1levels remained stat%stically unchanged

'.Vhet, compared to levels seen during “0" hour (Figure 3.2%°

»
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PGE, STUDIES - LIVER ENZYME ANALYSIS

ASAT (GOT) - . / Alk. P
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|
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W
Q O o-
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>4300 - -—a
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Vé
: ¢
2 . 300
L ey
; ‘ _ . )
0 4 .8

TIME AFTER PQGE,/SALINE INJECTION (hrs)

™ . . 4

# P<0.01 compared to 0 hrs (i:e. before PGE, /saline injection.)
*% pP< '0'.05 compar;d.to 0 hrs (i.e. before P052 /saline Injection ) - (

.Pigure 3.25: | Liver eniyme anaiysis ‘during' the ' PGE
studies. PGE, was intraperi4gneally injected into GalN-FH%

animals in Grade JI. hepatic |coma. Serum samples were
obtained f®r analysis“before PGH, injection . (i.e. 0 hr.),
' and at’ specific times (i.e.’' 4 and 8 hrs.) after PGEy (or
saline) injection. Statistical significance was determined
by the Student t' test. - . . . ) - )

f -



. R o = R . A~ \
oA | .. T T T Table 3:13 o
e T .. Liver Enzyme Analysis: PGEF'Studies .
Time of 0 hrs 4 g;ﬁvafter 4 hrs after 8 hrs after

S . . Sampling (hrs) ®(Grade 1I Coma)* PGE2 injection saline injectiqn PGE2 injection

—

neo © 13 - 9 .. 7 14
- AS?TP (GoT) 3756.8 + 197.7 - 3101.1 + 124% . 3252.0 # 53a.7 2983.3 + 184+
- (u ),' ~’ R i 1 - < . . . .
, ALAT (GPT) 6899.7 + 415.8  5970.9 * 636.7  5949.2 + 977:2 5057.3 + 721.6%*
, wh) a : :
i AP . ©598.6 + 66.9 603.3 + 17.2 579.4 + 31.9
\ By - ‘
b7 . LDW 4300 4700 4700

ur)

* 48 hrs after Galactosamine injection

. * p<0.0l compared to 0 hrs (i.e. before PGEp/saline injection)
. ** p<0.05 compared- to 0 hrs (i.e. before PGEp/saline injection)

%
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" study (Pigure 3.25 and Table 3.13).

\

3) Alkaline Phosphatase: No significant changes in

serum Alk. P were observed in either the BGE; or saline

(control) groups in this study (Figure 3.25 and Table 3.13).
4) Lactic Dehydrogenase: Similar to Alk. P, LDH
levels remgiﬁed unchanged in both -the PGE; and saline

injected (control) groups throughout the course of this

-

»

3.2.5 Histological studies of the Liver During PGE; Studies

“ Light and electron microscopy “of liver tissue were

perforﬁéd at :?gcific times (i.e. 0, 4, and 8 hours 'afgg:

PGEy/saline ~ injection)  during the . PGE, studies.

Representative results from more than 50 rats fixed = for

light and elaciron_microscopy are presented below.

1

'3.2.5.1 Light Microscopy of the Livcr’During PGEy Studies

' Thx 3‘foliow¢ng .are «reéreqentative observations from

approximatgly 30 rats which were f%xéd~ for ilght4

‘microscopy. ‘Light . microstope histology ‘reaultﬁ are

- presented in’ Pigure 3.26.ﬁ_‘F1§qrélu§.26a represents a

- . - ! b ’ . N -
hepatic lobule ‘during Grade II coma, (48 hours after GalN

- induced hepatocyte injury).- just. prior to - PGEy/saline.

injection. The mottled.,qﬁpgarénce 'of hepatocytes coupled

with/ the total disarray,bf the nbrmal cord-1like arrangeﬁént
. , ’ E | .

‘ . !

>
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Figure 3. 26: Representative histological observations of
the light EIcroncopy performed on the liver of rats in the

PGE, studies. PGE, was intraperitoneally injected into
GalN-FHF animals in Grade II hepatic coma. Liver tissue
samples were obtained for histology before PGE3 ' (or saline) .
injection (i.e. 0 hr.) and at specific*timns (i.e. 4 and 8

hrs.) after PGE; (or saline) injecti a: A hepatic
lobule from a rat in Grade 1II just prior to PGE)
injection (0 hr.).. Mottled appearance the hepatocytes

coupled with the. total disarray of the normal cord-like
arrangement of the hepatocytes is evident. Db: section of
a hepatic ‘lobule 4 hours after saline injection (control .
group). Massive hepatic necrosis “with evidence - of
karyolysis is present. Difforontial staining distinguishes
viable from necrotic hepatocytes. cs ‘Section of hepatic -
lobule 4 hours after PGEz injection. Presence of intact
‘viabre hepatocytes are more prominent with respsct to
corresponding rats injected with only saline. d: Section
of hepatic lobule 8 hours - after - PGE injoction. Necrotic
hepatocytes ~ undergoing. - karyolyais and - inflamatory
infiltrations = between adjacent hepatocytes can be. seen
throughout the hepatic lobule. All tissues were fixed ‘in
Carnoy's Fluid and stained using Delafield's hematoxylin .
and eosin Y staining techniques. Magnification  'a: 360x;.
b-d, 400:. ‘ . . ! ’ .
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qf hepatocytes is 'éyjdent. At this time maximum liver
dadgg; had’aléo ;ccurred. .Figure 3.26b shows a section of°
a ﬂhepatic lobule 4 hours after saline injeétion (control
grouﬁ3. Massive hepatic necrosis with evidence . of
karyolysis is clear. The differential staining
d%stiﬁguiahed viable from /peﬁ;otic hepatocytes. The
hepatic 1lobule, 4 hours ‘gf;er PGE; injection is shown ih
Figure 3.26c. The prese4:: of int?ct viable hepatocytes ' is
more prominent with., respect to corresponding rats injected
with only saline. Although 3012 necrotic hepatocytgs are
visible, the majqrityu of the hepatocytes still appear
viable. Figure 3.26d shows a 'section of a hepa tic lobule 8
hours after PGE, injection. . Total disarray of the
cord-like arrangement of ;he hepatocytes . is digtincfly
evident. Necrotic hepatocytes undergoing ‘karyolydis éﬁd

jnflammatory infiltrations between adjacent hepatocytes can

.be seen .throughout the hepatic lobule. The mottled

appearance due to differential staining separaﬁe‘\viéble
, : X .
from necrotic hepatocytes. The hepatic 1lobule shown in

Pigure-3,264 shows marked similarity to the hepatic 1lobule

4 hours after saline injeciion (Pigure~3;26b).

.



3.2.5.2 Ultrastructural observationﬁa of the Liver During
" PGEp Studies )

‘Liver ultrastructure was studied at dpecific times
‘(11;. 0, 4,  and 8 houés after PGEi;saline "injection) duriﬁg
the éng studiést Electron microscopy of the hepatocytes
was berformed on at léast 20 rats involved in these
studies. Representative ultrast;uctural obgservations of
the hepatocytes are ﬁresented in Pigure 3.27 and 3.28.
Figure . 3.27a depicts ,ab normal ﬁepatocyte pefore
GalN-induced hepatocyte iﬁjury; The locaéion of the
endoplasnic re;iculum (ER) and the mip&chondria (M)’cag be
seen diaéinct and separate from gach other ‘and the nucleus
(N) (Figure 3.27&).1' In tﬁih figure,} the éval—éhaped
,hitbchondria with interdigitating cristae Are also clearly '

fvisible. Pigure. 3.275 ihows a typical hepatocyte during

Grade I coma 48 hours after GalN-induced live:' injury),
lﬁust prior to\ PGEp/saline injection, i.e. at 0 hour. The
character;stiq .pigration of the fER and mitochondria to
align itself with nuclear membrane - is evident at this
time _(Figur; 3.22b)4 Severe ﬂmitochoqgrial- aberrations
(;ﬁg; elongated and dumbbell-shap&é. appearance) with 1loss
of ‘cristae are alsé evident at this timé (Pigure 3.27c¢).
Figure 3.28a depicts "a hépatocyte 4 houfs after control
saline injection. The onset of hepatocyte kn:yol&sia is

apparent; At this time, severely distorted mitochondria

A
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representative

* Figure 3;27: Some ultrastructural
observations from normal, and GalN-FHF rats in Grade 1I
A ‘typical

hepatic coma just prior tb PGE; injection. ai
- normal hepatocyte before Gafu-induced hepatocyte injury.
. The location of the endoplasmic reticulum -(ER) and the
. mitochondria (M) can be . seen distinct and separate from
each other and the nucleus (N). b: A typical hepatocyte
during-Grade II coma, just prior to . PGE; _ injection. The
characteristic migration of the ER and mitochondria (M) to
align themselves with the nuclear membrane is evident at
this time. -1 Severa mitochondrial
(elongation and dumbbell~shaped appearance)
cristae are also evident at this time. Samples were fixéd
using glutaraldehyde and osmium tetroxide, and were
post-stained with wuranyl acetate and lead citrate. Bar

represents 1. ~
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Figure 3.281  Some representative ultrastructural
Obs

~

ervations of hepatocytes during PGE,; studies. FGE; was
injected intraperitoneally into GalN-FHF rats in fGrade II
hepatic coma. a: A typical hepatocyte 4 hours after
saline injection (control). the onset of Thepatocyte
karyolysis is apparent. At this time the endoplasmic
reticulum (ER) can be seen surrounding the. nucleus in a
ring-like formation. Severely distorted mitocliondria (M)
are also pvisible in the hepatocyte cytoplasm. b: - A
typical hepatocyte from the group of rats receiving PGE;, 4
hours after its injection.. The ER can be seen circling the
nucleus  but no evidence of hepatocyte karyolysis was
visible in the PGE, treated group. Eight hours after PGE;
injection, the majority of the hepatocytes appeared to
undergo karyolysis and. appeared similar to that shown-. in
Figure 3.28a. Tissue samples were fixed in glutaraldehyde
and osmium tetroxide, and were post-stained with uranyl
" acetate and lead citrate. Bar represents 1.

v
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were visible in the hepatocyte cytoplasm. The ER van also

¥

be seen surrounding the nucleus in a ring like formation

(Pigure 3.28a), Figure 3.28b shows a typical hgpatocyte:

from ' the group of rats receiving PGE,, 4 hours after its
injection. The ER tan be seen circling the nucleus but - no
evidence hepatic Xkaryolysis was seen in the PGEjp treate‘:l
group at t}:ia time. Mitochondrial distortions were still
evident and a greater number of them were seen in the close
proximity of the ER and nueleus (Figure "3-28}:),. "Eight
hours after PGE; injection, the majority of the hepatocytes
appearad to undergo karyolysis and appeared similar to that
shown in Figuref's_l.aaa.
w

3.3 THE EFFECTS OF PGE-z ON THE DEVELOPMENT OF BRAHEDBHA

Durixlxg the course of this study, it wq\s.”e_ﬁdent that
prain ede:\ng was a critical. and dominant secondary

complication 'during GalN-FHF. It was alsoq segn that PGE,
4 N

significantly prolonged the survival- time of rats in Grade

II hepatic coma. The following study was executed to-

/
determine whether PGE,; had any effects on the development

of brain edema in these rats. Brain edema was assessed in

terms of brain water content, brajn s;velling, as well as by

tissue histology. Additional sttid_ies“ involving intravenous

trypan blue dye infusions wére also'carried out to deternine
e
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the structural iIntegrity of the blood-brain barrier during

t;xe PGE,; studies. . . .

3.3.1\.\' Brain Water Content Measurements During PGE; Studies
) Brain water -<ontent measurements were obtained at

specific times (i:e. D, 4, and 8 héurs aftgr PGE; or saline

injection) during the PGEg stuQies. Table 3.14 contains

the » brain water content measurements (gHzo/g dry wt, of

brain, tissue; of the experimental animals- in these PGEj

studies. Prostaglandin E; or physiological saline as

control was injected intraperitdneally during Grade II

coma, i.e. 0, hour. At 4 hours (after 'saline injection) a
significant (p<0.0l) increase in the water content of the
brain was observed. ‘in the control animals receiving salir;e.
In contrast, a similar matched Q;‘oug of rats receiving
PGE;, instead of a}slipe, sho;wed no such increases in brain .
wa'tér content at this time ('rabi'e 3.14). Eight hours after

PGE; injection, the brain water content had decreased below

. initial levels seen prior to- PGE, injection (i.e. at 0O

- hour). This decrease, however, was not statistically

significant when conmpared to, )brain water content values
M . 9 i - -
obtained 4 hours after PGE, injection, It was, however, a

flgnificant (p<g0.02) decrease with respect to the control
group receiving saline only.

Al «

i
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Tabl e 3.14

Effects of PGE2 on Brain Edema 1n Grade II Coma Galactosamine-Induced
FuTminant Hepaﬂc Fq”ure Rats® ‘Braln Water Content Measurements

Group Experimental  Number Brain Water Content Statistical -
0/g dry wt. of © Significance*

No. Condi tion of f
: Animals 'bra n (mean + SE)

L

A Normal- : - _
No GaIN-FHF - 11 - 3.474 + 0.012 A vs B3(p<0.2) .
B 0 hrs ‘ )
(Grade 41 coma) 11 3.531 + 0.018 B vs C (p<p.01)
’ 4 ) ~
c 4 hrs after N
’ saline . 5 ° 3.660\1 0.037 C vsD (p<0.02)
D ' 4 hrs after ‘ - ,
) PGE; 5 3.3 + 0.024 B vsD (N.S.)
lE 8 hrs after ; ’ T . .
PGEp - ... .- 5 . 3.480 + 0,042 C vs E (p<0.02)
. - ' B vs £ (N.S.)
D vs E (N.S.)

.

r

" Effects of PGE2 on the evolut_io'n of brain edema in Grade II coma FHF
rats. PGEp prevented the progression of brain edema in ~rats, 4 hours
after its administration. A significant increase in brain water

content was observed 1in the control rats 1in the same time, Brain

water content was reduced to near normal levels 8 hours aftér -PGEp
injection. There. was 'no survwal in the control (i.e. saline
injection) groups "at-this time, ‘

* Statistical sigmfiCance was determined using Student 't' test,
NS = not significant. >

’ 1
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3.8.2 -Estimations, of Brain Swelling During the PGE; Studies

. 8ince small incremen'ts in brain . water content'

measurements may -not relate ‘the actuel magnitude 'of brain
edema and\ ) tmbsequent‘ brain sweuing, the latter was
estimated using the formuia described in Chapter I'-I of this
thesis. Brain swelling‘ measurements ‘e‘re' presented in

Figure 3.29 and Table 3.15. N

< s -
What may appear minor increases in percent brain water
v . N . -

content (Taple 3.15) are reflected as major increases in

percent brain . swevlling. Four hours after PGEz/aaline

injection, a mdre ‘than 3 fold increase in brain swelling

wag seen"in the' saline injected control rats, No* such‘

. - |
increases in percent brain swelling were seen in the PGEj

injected 'group at this time {Pigure 3.29 and ‘Tebl_e' 3.15).
Furthermcre, 8 hcur,s ‘ after PGEj. injection ’ the. brain
s‘wel‘ling had' eub’sided to near no;:mal values (Table 3.15). '
A composite grefh ‘relating- percent swelling of the
brain to perceht increese in brain water content *ia shown
in Pigure 3.30. From this graph, - it - can* be clearly seen

how small increments in brain wetcr content can result in

-

‘substantive swelling of the- bra:.n. . This is especielly, true'

I

after Grade II come. For exemple, when percent brain water
content increased from 77.835 % 0.022% in Grade II coma to

78.544 + 0.125% in Grade IV coma, brain swelling increased

-~
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- Pigure 3,297, 'rhe effects of PGEz on brain-edema. PGE; was
s ingecfea in’Erapentoneally into GalN-FHF rats in’ Grade 11 ‘
* hepatic coma.. 'A steady and massive increase .in brain- -

swelling .was seen in the  control animals receiving only

saline.. PGE, injected ammals did not show such increases
in“brain swefling. , . \



Purmetis™” , - , ~‘ \ ' ’ .
.. ) ' . (‘ : .
o Table .15 ]

Effects of PGE» Brain Edema in Grade II Coma Galactesamine'-lnduced
— Fuiminant Aepatic FAJlure Rats: Brain swe ng-Measurements

) n . . I\ . - . A
Group Experimental ~ Number % Brain Water Content }S{tening of\
(

No. Condition of ™ (mean + SE) e Brain
Animals . mean + SE)
A Normal- o | ‘ .
© Mo GaIN-FHF - 11 77.643 .+ 0.061 0.000
B 0 hrs . ’
. f{Grade II coma) 11 77.835 + 0.122 .  1.277 + 0.41°
c 4 hrs after - o , '
\J saline 5 78.531 +0.171 . 4.134 + 0.829*
D "4 hrs after - . o ; '
- PGEj . '8 . 71.946 + 0.118 1,356 + 0,543%*
E B hrs Bfter N . o ‘
PGE; - 5 77,845 +0.244 - . 70.1274 + 0,9263%**

-

* animals were given PGE?/saHne during Grade I coma. 48 hours
- after GalN-einduced liver njury o i N

Statistical significance was determined using the Student t “test. v
- * . pgO. 01 wi th respect to "0 hrs®

**  per0.02 with respect to "4 hrs saline" group
w**  p<0.001 with respect to "4 hrs saline" group

L4

~w
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™

_ Figura 3,30¢ A . grap‘h relating percent swelling of the

brain to the percent increase in brain water content. From

-

" this' graph ip is clear that small increasss in brain water -

- content can résult in. substansive. ' swelling, . of the ©brain.
It can be seen here that PGE, given during Grade II coma
prevented the progression of brain edema and. brain swelling
- from reaching the steep portion of the curve., Furthermore,

8 hours after PGE; injection brain swelling had .subsided to g

s near normul values.

‘ .
. .\
. N *
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;'microscopy are presented below.

|

1

by nearly 3.5 fold. It was seen .that PGEz injection

prevented ‘the progression of brain édema (brain ewelling)

from reaching this critical stage. - ) D .
N ) /\L
3.3.3 Brain Histoldgy During PGEj gtudie;
'In ‘addition' ‘to the quantitative - xneasurements \
' "('described above), . brain edema v}es also exa.xnined

qualitatively by histology. At spec:‘ific times (i.e. 0; 4,
and 8 houreA post 13GE2/ saline injection) during the P;GEZ
etudies, tiseue samples were obtained for both light. and
elect.ron microscopy. Repr\e,sqn’tative observations from.-

approximetely 50 rats fixed for . light . and electron

\

.

13.3,3.1 Light Microscopy of the Brain During PGE; Studies

- Representative ob-ervatione from approximately 30 rats

fixed for light microaoopy are. préaented in rigureu 331

»

and 3.32. 'I'he former depicts sections from the cerebrum N

10+

and the latter from the cerebellum 'I'he basic observations .

were strikingly eimilar 'in' both regions' of the brain.

, Preeence of brain edema was evident before the onset of the'

- PGEz studies ‘when the rate were in Grade II hepatic ‘coma

(Figure -3.31a and. Plgure 3 32&) It was .observed that

brain edexﬂandeveiop'éd aimilarly in both groups of r:te
" . ) . : . , ', =~ )
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Representative histological observations of

Figure 3.31:
the Iigﬁ"t‘.’.;nicroscopy performed . on the cerebrum of rats in
the PGEj studies. PGE; was injected intraperitoneally into ,

GalN~-FHF rats in. Grade 1II hepatic coma. Sanmples of the

. gerebrum were obtained for histology before PGE; (or

saline) .injection = (i.e. 0 hr.) and at specific times (i.e
4 and B8 hrs.) after. PGE; (or saline) injection. a:
Cereprum of ‘a rat in Grade II a ust prior to PGEj;
injection (0 hr.). Extensive brain ema\(E) is . evident at
this time. Db: Cerebrum of a .rat 4 hours after.sidline
injection. Magsive brain edema (BE)  with -compression and
distortion of adjacent: brain ~ tissue  is evident at this
time. c3 ‘Gerebrum of a rat.4 hours. after PGEy. injection.
The .presence .of brain edema (E) is still evident; however,
much. less than in the corresponding control group of rats
which received only asaline. 4 Cerebellum of a.rat 8
hours after PGE, - injection. "~ A total rémission of brain
edema was observed at this .times. All tissues were fixed in

‘Carnoy's Fluid, and stained using Delafield's Hematoxylin

and eosin Y staining techniques. MAgrrification a: 360x,
b-d: -400x. . .

"'V ) =

¥
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"Figure 3.32: Representative histological observations of
e ght microscopy performed on the cerebellum of rats in

the PGE; studies. PGE; was injected intraperitoggauy into
Galk-FHF rats in Grade II\ hepatic coma. Samples of the
cerebellum were obtained fox histology Dbefore PGE; (or
saline) injection (i.e. O hr.) and at specific times (i.e
4 and 8 hrs.) after PGEj saline) injection. as
Cerebellum of a rat in Grade II corl. just prior to PGE;
injection ' (0 hr.). Extensive brain edema (E) is evidernt at
this time. Dbs: Cerebellum of a rat 4 hours after saline

injection. Massive ‘brain edema (E) with compression and
distortion of adjacent brain tissue is evident at this’
time. ' | c3 Cerebellum of a rat 4 urs - after PGEp .

injection, The presence of brain ede (E) is  still
evident; however, much less than in the  corresponding
control group of rats which received only saline. d:
Cerebellum of a rat 8 hours after PGE; injection. A total
remission of brain edema was - observed .at this time. All
tissues- were fixed in Carnoy's Fluid, and stained using
Delafield's Hematoxylin and eosin Y staining techniques.
bv = blood vessel.  Magnification' as 360x, b-d: 400x.
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during the 4 hours period following the injection of either
. ‘ 9 i
saline or PGE; (Figure 3.31b,c and Figure 3.32b,c). It was
LY ¢
surprising, however, to note that in animals receiving PGE;~-

a total remission of brain edema was observed 8 hours after.

- PGE5 injection (Figure 3.31d and Figure 3.32d4). Numerous

observamtions in other similar rats have confirmed the

lvalidity of these findings. Since it was difficult to

v

derive further information regarding the  development of
brain edema and its subsequent regression 8 hours” after
PGE; injection by light microscopy, ultrastructural studies

involving electron microscopy were carried out.

>
\

L]

3.3.3.2 Electron Microscopy of the Brain During PGEj
Studies .

Representative observation of the cerebral cortex of
approximately 20 rats is presented in Figures 3.33 to

3.35. Figufe 3.33a depicts a normal cerebral capillary

before :GalN-induced hepatic injury. A 8erebral capillary

within a compact Icerebral‘ parenchyma is visible. A
perivascular astroglial cell (AG) is also visible. ‘ Figure
3.33b show§ a typ;cal cerebral capillary of a .Ga‘lN-qu rat
in  Grade II  Thepatic, coma; just prior to PGE,/saline
injectiop.b’ A swollen (edematous) periv;scular’- astrog]ial

cell (AG) dontaining abnormal wacuoles (V) can Dbe seen
!

surrounding the cerebral capillary. . f

X
I}

. )
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Figure 3.33: A typical cerebral capillary from a normal(a)
ang GalN-FHF rat in Grade II hepatic coma (b). The dense
and compact cerebral parenchyma and perivascular astroglial
cell (AG) is visible in the section from a normal rat (a).
Extensive astrqglial (AG) swelling containing abnormal
vacuoles and swollen mitochondria (M) is clearly visible in
(b). B =  erythrocyte. Tissues were fixed in
glutaraldehyde and osmium tetroxide, and post-stained with
uranyl acetate and lead citrate. Bar represents 1lu. ’

’



¢ .
Pigure 3.34a depicts a cerebral capillary from a rat 4

hours& af ter control saline injection. Exténsive
perivascular astroglial (AG) swelling with compriipion and
distortion of adjacent cerebral parenchyma iq/l markedly
evident. In contrast Figufe 3.34b depicts a cerebral
capillary from a PGE; injected animal after 4 hours. A
small amount of astroglial (AG) swelling can be seen ih the
perivascular regiqn‘ cof the blood vessel. iUnlike its
matched control (which recgived only saline), the PGE,
injected animal showed a\ qarked cantrol of brain swelling
at this time (i.e. 4 hours’Bést PGEj injection).

Pigure 3.35 is an electton micrograph of a rat
" cerebral 'capillan; 8 hours afiter PGE, injection. Only é
slight Astroglial (AG) s%glling is evidént at ﬁthis time.
‘There .aré. no abnormal vacuoles (within the astroglial cell)
.or the évidence~ ef any compregsion of adjacent gérebtal
parenchyma aE this time (Figuré 3.35). '

’

3.3.4 Test for Blood-Brain Barrier 1Integrity During PGEj
Studies .

Because of the apparent control of brain edema and its

resultant brain swelling during the PGE 9 studies (abave),
L

the structural ingfgrity )of\ the blood-brain barrier was

tested to. determine whether PGE; had aﬁy effects on the

physical integrity of this regulatory blood-brain interface.
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F%gure 3.34: Cerebral capillary from rats used in the PGEz
studies. a: A cerebral capillary from a rat 4 hours . after
saline injection (controlY. ‘Extensive perivascular
astroglial (AG) swelling with compression and 'distortion of
adjacent cCerebral, . parenchyma is markedly evident. b: A
cerebral capillary from a PGEz ‘injected animal after 4
hours. A small amount of astroglial (AG).swelling can be
seén in the perivascular region of the blood . vessel.
Unlike its matched control ‘(which received only saline),
the PGE; injected animal showed marked cohtrol of
astroglial swelling. Tissues were fixed in glutaraldehyde
and osmium tetroxide, and post-stained’ with uranyl acetate
and lead citrate. Bar represents lu. .

ié;;:
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Pigure: 3235: A cerebral capillary ‘from a PGE; injacted
rag, 8 hours after PGE injection. Oonly slight astroglial
(AG) swelling _ia'\ev t at thig  time. There are no .
abnormal = wvacucles -—wi the ' astgoglial cell or any.
" evidence of compression of adjacent ceyxebral tissue. L:
lumen. Tissues' were fixed in glutaraldehyde and osmium
tetroxide, and post-stained with uranyl acetate and lead -
citrate. Bar represents 1. : b

t
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Trypan blue dye infusion studjes were carried out at -

j;ecific times (i.e..0, 4x\\52§//g4_h6urq, post PGEz/ialine
ihfusion) as §escribéd previously. Representative results
krom 25 rats (5 rats :per group shown) are presented in
Figyre 5.36. The’ brain from a ngrmal rat (with no liver
d&mage) is notﬂstaihed by ‘trypan blue, indicating an‘ intact

blood-brain- barrier. During Grade II coma (48 hrs. after

,GalN-ip&uced heéatiC'injury) and just prior to PGE;/saline °
injection (i.e. O hour in PGE; studies), the brain appeared U

‘partially stained, indicating partial barrier breakdown at

this stagé. In _the. grpup.ﬁof rats receiving only saline
(control) a total and complet; blood-barrier',breakdown; is
evident after 4 hours. ! \ The deep blue stiiﬂingjiﬁd;cates
the ability of- the dye, normallf' prevented from crossing
the intact blood-bra;ﬁ'barrier, to)traﬁerse it‘¥9 ;ﬁain the
perebrA1 and cqrebe}lar'%iesue. In the PGE3 in&ectod"rats
no /such extensive Nbargier ‘breakdown "&s ‘6§-ervpd after 4
houfé. The rat\brains resemhle ghose of Grade II coma rats
and reveal only slight cef ral aﬁd cgreﬁellar staining,

PGE; rats at 8 hours showed evidence of ‘blood-brain barrier

breakdown; however, ;t waq‘not‘aa’exteheivé as that seen in -,

the saline injected control group - at- 4,fhoura post saline

injection (Figure 3.36). o ) -

hd
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!&iuro 3.36:t Test for the sttugtdfal 1n£egrity of the
00

-brain barrier. Representative results £rom normal
and Grade II coma GalN-FHF . rats which were injectea with
" PGE3.° Trypan blue dye was injected via intracarotid

infusion to determine BBB integrity.. Normally an intact'’

'BBB prevents ' entry of the dya to stain the brain. Any
. staining - of the brain would indicate an . increase . in
permeability, or total breakdown of the BBB. :

~ -
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CHAPTER IV
DISCUSSION

4.1 ON THE BASIC PREAMBLE ™, —

Investigations concerning the cytoprotective property
of) prostgglandins have stimulated;extensive ressarch since
‘its first observaéions iﬂ the ganine ‘gastric mucosa nearly
- a decade ago  (Robert, 1976;. Cytoprotection by

prossaglaqdins ;s now ‘recognized as separate from, and‘
unrelated to, its inhibitorf effects ;n . gastric secretion
(Robert, 1979). " In ' recent years tge property ':}\\
cy;oprot?ction by prostaglandins has been extended ;o
include .a variety of o ther L gastgéintestinal organs
including the lgver'(étachura,et ale, 1980; Reber et ai.,
/19805 deart et al,, 198la). Tﬂe concept of hepato- '
Cytdpro};qtién (Q;yazaki, 1983) now inclu@ga not‘ onlg\
ﬁepatocytes, but other. liver ¢ells including those of the
biliary epithelium as well (R@watt et al., 1934). o .
oIt nés been extensively reported that prostaglandin Ej
(ééBz) | 15 successful iq preventing hepatocyte: necrosis
against'a varietf of‘noxioﬁs ;timuli 'ranging from ~ thermal
injury to. specific hepatotoxins sucﬁ as ;arbon tetra-
chloride and galactosamiﬁe (gtﬁché;a et al., 1980, 1981;: -
Buwaét et al., -198lb, 1982a,b, 1984; Miyazaki, 1983). }n

these studies PGE, was administered either just before or

immediatgly'qfter'the,exposure of the liver to the

- -

a N
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necrotizing agent. It is not known whether PCEZ.is capable
of providing any cytoprotection after the development. 13
hepatocyte injury. " With this as an initial curiosity, the

<

present project was embarked upon. The galactosamine-

induced fulminant hepatic failure (GalN-FHF) rat model was
selected to proé%dg a suitabie model for hepatocytei injury
and necrosis. This model has been exteésively used at the
A;tiffcial Cells and Organs Research Centre, McGill

University, as well as other similar. major centres for

,stgdiqs concerning liver failure and artifjcial liQer )
support (Chang et .al., 1978: ‘Chirito et all, 1978, 1979: °
_Blitzer ctlgl., 1980; Tabata and Chang, 1980; Dikik 'and,
‘Chang, 1981, 1982, 1985; Shu and Chang, 1983; Shi and
. Chang, 1982, 1983, 1984a,b; Horowits et al., 1983; Niu et

. , . ! :
al.,- 1983; Zaki .et al., 19847 Shaffer et al., 1984). This

model is also considered as the one which most ‘closely

‘resembles human .- FHF in its biochemical, neurclogical, and

patholqgiéal features (Saunders, 1979).

Given the highly complex physiology of the 1liver and

viﬁq even more complex pathophysiclogy during liver failuve,

it was not expécted that a 'singlé ‘chemical cbmpound, in

" this instance PGE;, would, K be capaBle of ,protecting the
, , ( 3 ‘ ; h

\

. liver against severe necrosis ' during fulminant - hepatitis,

various doses of ggéz were tested on FHF rats, in .

c= 216 -
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progressive stages of liver failure, after the éevelopment

" of maximal 1liver ‘injury and coma. As was expected, there

. was no significant increase in the overall survival rate of

these animals, However, a surprising observation was made

‘that PGE; injected: animali ‘had significantly longer

survival times when compared to saline injected. control

animals (Dixit and Chang, 1982). Furéhermore, ‘upon routine

autopsy and histological examinatioﬁ' of these animals, it

was noticed tha® the PGE, injected rats also had less or
even no brain edema (Dixit and Chang, 1985). Corresponding

control animals receiving only saline exhibited marked

" evidence of 'extensive brain edema. With these preliminary

findings, further detailed investigations were ca;;ied out .
here .to study [the "effects of PGE, on both the liver and
brain o; rats with ‘"liver failure. The 6 results 6f thesay
studies “havq, beeh described‘\in earlier sections of ;hia
thesisg: B (

Concurrent to the PGEz studies, the basic GalN-PHF rag

model has been re-evaluated in terms of its neurclogical:
atatus (i.e. grade of hepatic coma)., -In earlier studiea,'

the characterization of  this model was Qaaed upon the time

‘elapsed (in  hours) following galactosamine injury

(inﬂoction) This time scale«was used to assess the extent

of hepatbcyte injury (Dacker and Keppler, 19721 Pickaring

°
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et il.,— 1975; cChirito et al., 1979). waever,‘keeping in
mind the distinct and progressivg 'deterio:afions " in
consciousness: which resulted from praogressive 1liver
failure, it was considered more appropriate to evaluate
GalN-FHF in terms of grades of coma. Thus, when using the
earlier "time scale" classifiﬁp;ion, all animals 43 hours
after GalN oinjection were considered as having the same
degree of hapat9cyte injury and necrosis. .However, ;g/
practiée, it wis'seen that at this time (Iie. 48 hoﬁrs
after GalN injection) the animals' were in varying stages
(grades) of hepatic cama (Figure 3.4). Thus,” by using- a-
“time® -scale” evaluagion gystem, it was difficultqaﬁd even
misleading in the accurate assessment of hgpgtic injury
(Chang et al., 197é). 8  grading system\\b;sed on the

assessment of‘ neurologica} status may better reflect. the

extent of hepatic injury.

4.2 THE BASIC GALACTOSAMINE-INDUCED FULMINANT  HEPATIC
FAILURE RAT MODEL ° -

.The justification for re-evaluating the basic GalN-FHF
rat model has been considered in the preamble of this
chapter. Howeéer, it may be noteworthy to once again

emphasize that hepatocelluldar necrosis results in profound

 neurological alterations. Since the severity of coma

\
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reflects a serious impairment in normal hepatic physiology,

" it seems more appropriate to evaluate acute hepatocyte.

necrosis or FHF in terms of grades of coma. 1In order’;o
facilitate comparison of the two grading systens, the
resul;s éf the pféseqt study are presentediiﬁ terms of both
the’time elapsed after GalN injection, as well as the grade
. of hepatic goma. o )

. Galactqgsamine was - shown ‘ to produce acute hepato-
cellular injh}y\in a consistently reproduclble dose-effect
relationshib (Figure 3.1): Furthermore, JGalN produced
hepatocyte injury. which showéd an inverse relationshig with

the age of the animal (Figure 3.2). When the dosage was

o

kept constant, the GalN-induced hepatic injury was directly

proporsional to the age of the animal (Piguré 3.3). Thué,

./,!C'was hecesaary to strictly adhere to a fixed ah;mal age

group in order to maintain a consistently repfoducible
_.model for GalN-induced liver injury. _
Following GalN Enjéction and the onset of hepatocyte

injury, one of the first observable changes was marked

pilo-erection and jaundice (during Grade I and II coma).

Significant (p« 0.001) decline in body weilht. (6.28 +

2.03%) was eviderit before the development of overt
ﬂ’ \
encephalopathy (i.e. Grade I coma), i.e. 24 hours after

. )
galactosamine. The body weight of the animals gell
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:;épidly, by nearly 15 percent, till the development of
,3 b ~ M

e

Grade 1I coma 48 hours after Ga;N fnjection. No - fur.ther
significant decreéses in body weight ‘Qere seen with
subsequent graddes of éoMa (Table 3.1 and Figure 3.5).
Coinciding with the decreases in ,body Géight were marked
increases in hematocrit values (Tlees 3.2 ;nd Figure 3.5).
As in the case of ‘body weight,\\hematocrit values rose
significantly £ till Grade 1II coma In subsequent coma
grades, only very minor incre;ses in hematocrit wvalues were
obferved. Thus, 1liver failure resul] ted in marked decreases
i;'body weight“ as well as extensive deHydration. These
observations were probaﬁly th reSult of’diminished food
and water intake by the liver failure rats.
3 . ;

4.2.1 Serum Biochemistry Analysis

Serum biochemical analysis, as‘\bérformed«'by the SMAC
gnalysi; and by commerciéllyd availéble kits, is presented

in Pigures 3.6 - 3.8 and Tables 3.3 - 3.5. A dramatic

derangement of all the biochemical parame ters was seen as a

result of GalN-induced hqpatocellulqr injury.. Of -major

Y

significance was a steady and significant decline in serum
» . .

glucose 1evel§ following hepatocyte injury.- Serum glucose
levels fell from 137.4 + 1.73 wmg/dl to 15.0 + 2.0 :'mg/dl

déring the course of liver failure following GalN injection.

©
-
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. salts is a mador feature of the failing liver (Rueff and

¢ 7 .
Severe hypoglycemia can cause seizures ~and depressed
neurological states often asgsociated with hepatic %oma.
(Duffy and Plum, 1976; Bradbury, 1984.; Pardridge,,v¥84).
However, although the. extent of hypogllycemia seemed to
correlate with the' severity of ;:oma, :{t has not been
implicated as a majér factor Cfntributing to coma. or death
in this model (Blitzer et al., 1978). furt‘hermore, glucose
infusions during deep or severe grades o{ coma do not, seem
to ameliorate hepatic encephalopathy or survival (Blitzer
et al., 1978). Nevertheless, because of the . severe
gl?'cogen depletizbn seen following hepatocgl'lular injury
(Decker and Kepple\i', 1972; Chirito et al., 1979), it was
considered important to maintain normoglycemi&. In all
liver failure .6tudies being carried out at this centre, a
20 to 50 percent solution of gllucose ‘was' routinely
administered to all GalN;FHF rats via subcutaneous

injections (Chirito et al., 1977; Chang et al., 1978).
The inability | 8f the hepatocytes to conjugate bile

\ , S
Benhamog, 1973; Saunders et al., 1979). In accordance, the
total a?rum bilirubin levels  increased steadily (by -
approxima“i:ely 50 fold) with progressive severify cof coma
(Figure 3.6 and Table 3.3). Despite this seeminglyr direct

correlation between the levels of total bilir;xbin and the

4
I
2
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grade of coma, -it 1is generally recognized that serum
bilirubin levels .bear né relation ¢to coma‘(xnell,'lg_em

Jones and Schafer, 1982); the deepest Jjaundice is often
' - -

seen (during recovefy (Knell, 1980). However, cont:im‘x:l.mgl '

coma and deep jgundic“e usually imply a fatal outcome

[l

, (Baunders et al., 1979).
Blevation of serum cholesterol 1levels first Dbecame
. .

apparent at Grade II coma and remained elevated through

- “ .
progressive grades of coma until death (Figure 3.6 and

Table 3.3). The greater than-two foldceleval:ion in serum .

cholesterol levels observed during overt, encepﬁalopatny is

L3

most ‘‘likely the reflection *of massive = hepatocellular

membrane injury and necrosis taking place at t.hia time. It =

has been pi:eviousl;r repotted that, in ‘the GalN-FHF rat
model, hepatic injury was maximai”“’at "4& hours afber GalN
injoctionv (Decker and Keppler, 1972; chirito et al.; 1979).
In the present stud’ this was alsn Pﬂ'\e time when

encephalopathy (Grade II coma) first became apparent.

Impa&red hepatocellular protein syrithesis was . evident g

(pe20. 005) as early as Grade I coma, 24 hours after Galu‘
injection. The level remaihed depressed until -Grade IV

\// ]
coma, at which time a significant (p<0. 05) increage ‘in the

level of total proteins was seen (Figure 3.6 ‘and Table 3.3).

'

Serum albumin levels behave? in a a‘gilar fashion (Figlu‘e

<
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3.6 and Table 3.3). Depressed fibrinogen 1levels have been

reported ' in the GalN-FHF rabbit model; however, it was not

clear whether the( animal was comatose or not at this stage °

(Blitzer et al., 1978). Depression of specific coagulatioﬁ :

proteins, as well as albumir‘xr during liver ‘failure, can

6eriously impair normal hemostasis and affect serum

~osmolarity.

Uric acid is formed in the 1liver “as the final

degradation product of purines (Lehningﬁr, 1982). Thus, as

a result of GalN-inducd® hepatocyte injury, ' there was a
progressive decrease in serum wuric acid 1levels with'

increasing severity of hepatic coma (Figure 3.6 and Table

.3.3). A nearly 50 to 75 ’ percent decrease in uric acid
. L4

levels was observed during the progression from Grade I to .

o~ 3 . -
Grade III coma. ; . -

~

‘Elevated serum creatinine and blood® urea nitrogen

(BUN) are characteriptic features of impaired ., renal

function '(duyton, ‘1981) .- In the present study, mild bdt_

;ignificant (p<0.05) increases of both .serum creatinine .

and BUN were observed (FPigure 3.6 and "l‘able 3,.3’). However,

in the present Qtudy, it was unli,)ia‘ly that any- major‘

impairment of renal function waé the cause of the. observed
increases in serum creatinine and BUN 1levels. Earlier

studies at t-,hia‘ centre and elsewhere have conclusively

. S - 223 -, .
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fyilxire, ,(Wiliiama, 1975). - The present studies on". the

. coma (Figure 3.7 and Table 3._45. ‘Thus, it is quite possible

shown that ’~galactoeamine itself - was not nephrotoxic

(Blitzer et al., 1978; Chirito et al., 1979; Horowitz st

L} -

‘al .y 1983) Furthermore,  these studies also doeumented
that it was unlikely that GalN-~FHF produced any im\pairment:‘

‘of renal function based on histological observai:ione. The

A )
mild rise in sSerum creatinine ‘and BUN levels may be

|
attribu*ted to the extenasive dehydration taking place during

-

progressive st:agea of liver failure. ’ ,

Serum electrolyte nalyses r\%j the GalN-FHF rata were

A

carried out during progressive grade of hepatic  coma and

are Ereaentea in igure 3.7 . and .,Table 3.4. Mild

flu&tations in the - serum _levels of all the electrolytes

‘were seen as a ‘pesplt ‘o)fl acute hepato;.yte injury.‘

“Williams' group at King's College, Cambridge} \has reported

incidences . of hypokalemia dui:'ing eaz‘fy stages of . live_r
‘ \ ' : W
GalN-FHF -rat model ‘confirm such ~finding«e.\ )

Bl;-nofty et al. (]\.975) have teport‘:ed that GalN
produces .eharacteristic alterations ir§ theil hepatocyte,
.piasma ‘Jmembran‘e, such tha_t_\ intragell.ula,\r accumulation of

/

calcium was sSeen ‘a8 a result of membrane injury (by GalN).
’ N '

to the hepatocytes: In the . present study, calcium levels

were ai'gnificantly '(p <_0.0()5) depressed during Grade II

&

4
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~ that the reduced calcium ievels (as cbserved in the present

study) may be a consequence of similar membrane injury
described by El-Mofty et al. (1975). If this wera t?ie
case, then Grade II Thepatic com:a may, in fact, represent
one of the‘first stages of significant membrane injury to
the hepatocytes by galact&aamine.

-

Liver enzyme analysis was also performed during

_ progressive stages of hepatic coma following GalN—FHF’. :

*
Results are tabulated and preaenéed in Pigure 3,8 and Table
3.5, An enormous increase in the levels of all enzymes was

seen as a result of GalN-induced hepatocyte injury. For

"all the enzymes, with the exception of aspartate ,amino-

transferase (ASM‘), thglevcla peakad during Grade II coma
and remained elevatod throughout the lucce-aiva coma grades

till . death. .ASAT levels’ peaked durin‘g‘ Grade I1II coma . The

.'enormous magnitude .of the elevation in serum enzyme

activity reflects the extensive hepatocellular injury

taking place ‘following GalN ~ injnction. In all cases

‘(oj:cept for ASAT), it appears that hepatocyte injury was

maximal during Grade II coma. '_Earli‘or studies using this
rat model have also reported similar findings showing that
maximum hei:atocyte injury occurred 48 hou;'s after GalN
‘injection (Decker and Keppler, 1972; Chixito et al., 1979).
Thin is also the approximate time when tho first symptoma

\ .
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of overt hepatic °coma ( 1...-Gfade II hepatic c;:ma)u became
apparent. Thus, from the dfo':.:going discussion, it’ can be
\'rononably concluded  that GglN-i:nduceé . hepatocellular. ‘
injury and necrosis was  maximal during Grade II hepatic
oma.( | |

N

" 4.2.2 Histologi¢al xnaly;ii 'of the noéatocytu Following
Galactosamine~Induced Liver Injury

Galactosaminc;;in'duCed hcpatbfysé injury was assesged’
during progressive stages éf liver injury and hepatic coma
py both light and electron micréscoby. Some reprasentati;ze
hiatological" obaervations .’ ‘are presented in Figg.tru .3.‘9J and
3;10 respectively. Light microsc;opy histology- rogulta
showed progressive hepatocellular injury with increasing

‘ uQeritf of hepatic coma. ,The;r,o wers, however, no major
distinguishable histological abberations’ during, very early
stages of GalN-induced hepatocyte injury, i.e. during G::ade
I coma (Figure 3?’91:); With the development of  Grade II
coma there was an almost coxiplot*o diu‘ociation of tho\
normal chdﬂJ.ko arfangemnt :of -the ,,haimtocyto; {Figure
3.9a,c). Evidence c;f the onset. of mottled hepatocellular

" hecrosis, as well as the preﬁen‘co of extensive periportal
:@ntlamatory infiltrationa, were al:.o evident at this time
(i.e. Grade II coma) (rigurc 3.9c,d). During the terminal .
stages of eglﬁ-m, i’e. Gr&de; III and I\f hepatic coma,

-

o
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" presented in Pigure 3.10.

~

as  Grade I coma, such that Zthers was a ,genetalized'

1

\there was increased evidence of hepatocyte karyolysis and
cellular necrosis: (figure 3.9e,f). However, due to the
inherently poor reaolution of a light microscope it was not
;;oéaible‘ to élearly distinguish between, the various

clellﬂar‘ events that mair have been taking place during the

progressive stages c;f GalN-induced hepatocellular injury..’

Thus, ", in order. to' o{fa‘r\m the ultrastructural .aevents .
involved during GalN~induced - hepatocyte: injury and

' : ¢
necrosis, electron microascopy studies were carried out.

-Some" representative ultrastructural observations are

I

i

\

GalN-induced hepatocyte injury resul.ted due to . a

charac teris tic p&ttern' of hepatocellular events whigh,lead

to eventual hepatocellular necrosis’. Furthermore, .it vas ’

‘ ' oo, . ' P .
obsgrved .that. the sequence of these hepatocellular- events

correlated with the progz'e_ss‘i‘ve. development of hepatic
! o0

. coma. Thus, the normal arrangement of the hebaioc.yte'a

sub-ceéllular organellés was dramaticalfy altered, as ‘early

- R - e .

migration o’fl the - migoghor{dria and endoplasmic ' reticulum

(ER) towards the nucleus (Figure 3.10a.b). This was
. o ' \

followed . by a stage during Grade II coma, where there was a

close association between the ER and the nuclé.us, su\ h that

--227 - g
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‘ the ER. was almost completely wrapped around the ‘nuqleuaA

(Pigure +3.10c). At~ this timl the mitochondria also _°

appeared abnormally elongated and sandwiched between layers

o ' \
of ER (Figure 3.10d). The final stages of GalN-induced

"hepatoCyte necrosis occurred between Grades III and IV~

hépat:ic coma (Figure 3.10e,f). During these stages the

ER-enveloped . nucleus appeared to dissociate from the ~

cytop'].aﬂ\m’ to result in karyolysis and cellular necrosis.
A sequen tﬁl account of the cellular events in:glved
in GalN induced hepat:ocyte necrosis is lédking “in the

v
literature. Earlier biochemical studies have  suggested

that GalN-induced liver cell death results from plasma

v N

membrane ' al terations as well as chapges 'i‘n the calcium
.content of the injured cells (Deckor and Kepplar, 19725
~31-Mo£ty et . al,, 1975; Liehr et al, 1970). “Agcording to
theseé biochemical‘stgjd:ieeotha“ he;pa‘té toxicity of GalN 1i:es
in it;, metaboli;;ix by the h'ep';atgﬁ:ytes. A}pri‘mary lesion

results from 'a very rapid depletion of hepatic uridine

Ve
ue

nucleotides = due . to the formatioh of uridine derivatives of
' GalN. A‘secondary lesion subsequently results  from defects
in’ mactdmolecular glycoprotein synthesis, diving rise to

prégreasive organelle injury, membrane 1njur:y. and cellular

L3

- necrosis, It is, - howev’r, still " unclear as to whether

~p1aama,membrane injury is a cause or an aeffect of ge,il

* death.
| - 228 -
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The present study suggests that hepatocyte Xkaryolysis
guaf be a major fagtor in - 'Gal&—i;'xduced hep&tocelluluar
necrosis. 'rhus; th§s~' c;tiservation would . implicate
hepatocyte. plasma membran; injury‘ (and‘ cell necrosis) by
GalN to be secondary‘to‘ cellular kgi‘yolysis. Furthermorel,
the presarp{: as well as other studies haveralgo ,cz;nfirmed
that structural. alterations, in the form of distorted
mitachondfia and hypertrophied smooth ER, are taking’place
- as early as 24 - 25 h&pru after GalN-induced hepatocyte
injury ‘(‘M‘-dnno ct.r al., 1971y 'Schnrnl;eclt- et al., 1972).

These observations do not ’support' tiw agsumption of. the

invvaainant\of early membrane injury in GalN-induced ’

hepatocyte necrosis. , S

The . present study has demonstrated a . unique and

. e .
characteristic . pattern of cellular events taking place,

‘during ‘Ga'li:’-lnduccd hepatocyte injury and necrosis.
‘Purthermore, the sevoi‘lty of he'patocyt.{a injury also
;ppoared to ' correlate: with the severity of hepatic coma.
Previous ‘biochemical‘ and histological . ‘studies using this

animal model have . déxg\onstrated 'maximurﬁ ‘hépatic injury

taking place approximately 48 hours after GalN inj‘ectj.on\

(Decker and Keppler, 1972; Pickering et.al., 1975; Chirito

Vot al., 1979). The present study, in  principle, confirms

these earlier "oblcr‘vationl. However, the departure in &e

-
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present study points out that at 48 hours aftef GalN

injection the rats azie in dif‘ferent grades of h_epai:‘ic coma,
depef_xding c;n the degree of hepatocyte ‘injury and‘ necroéié
‘ (Figiu:o: 3.4). That  is .to say that the grade of coma
reflects the degree of hepatocyte injury. Thus, .it was
seen both biochemically and histologically ‘that GalN

injection. resulted in hepatocyte injury before Grade I

coma. Ma‘ximﬁm liver injury seemed to c¢coincide with the |

first manifestation of Grade 1II co,ma During Grades,\III
and IV hepatic coma the hepatocellular injury appeared to
reach an irreversible - stage. At these grades ‘of coma,
fulminant hepatocellular 1n;li‘ury and necrosis reault:.ed in
-dramatic alterations in serum biochemistry (F:lgurn; 3.6 -
. 3.84)'“ well a8 a rapid. doterioratioxi, in coma (Figure 3.4).
Massive hepatocellular necrosis: d\iring these Qiages has
already been deons},tratod to result in the gross
accumulation of various toxic metabolites and middle
mplecules. (zieve, 1979; 'Chang . and - Lister, - 19804 Popper,
" 1981; Pischer, 1982). 1In addition, “toxins generated ‘from
hqcfot‘ic_’ hepatoéytes may also build- ixp‘t_o)compli‘cate cc;m.
“and’ other’ secondary conipiicntiona (eig. brain edema,

bleeding, etc.) - of FHF. By usihg a grading system ‘(. for.

hep‘atogellular necrosis) baaed on the grade of hapatic'

.
coma, 1t may be: pouible to more- accuratoly assess

. = 230 -

o



GalN-induced hepatocyte injury and necrosis and thus may
serve to better comprehend the pathophysiology of FHF and
its secondary complications.

1

4.2.3 The Evolution and Development of Brain Edema
Following Acute Hepatocyte Necrosis .

«  The genesis of cerebral edema is perhaps the major

1ife _threatening ° .secondary complication’ ©of fulgfinant

hepatic , failure. Clinically, several authors have found

high incidences of cerebral edema during autopsy of .
patients who “s_ucaumbed to acute ‘liver failure and coma
gpirola Ict‘a_l'.,‘ 1969; Ware et al.;, 1971; Tholen, 1972; 8ilk
et. al., 1977; Hoyumpa, 1979; Ede et al., 1982). 1In
'pati_enta with severe cerebral edema, death m'ay\ be due t§
brai}x swelling and subqeq\ient, uncal o©or cerebellar herni-

ation. PFrom various recent studies (Groflin and Tholen,

.1978; . Hanid' et al., 1979; Zimmerli et- al., 1981; Potvin et
- N »

i
{

al.,, 1984), it can also be concluded that, in cases of .
experimental (surgical and drng-induced) hepatic) failure,
ceraebral edema is pne of the major cauaes of death.

Alth,oggh the preseflx‘ce of cerebral edema in FHF has
been wgll- docum;nted, the possibility of its i‘.fvalvementlas '
; ’x'nagjor ' factor id the ‘pathophg'aiology. of acute l‘iyar‘
fiilure and " hepatic coma has only 'r;lecently been seriously

considered (Ede et al., 1982; Crossley et al,, 1983b;

\

-
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Goldstein, 1984; Dixit and Chang, 1985). The pathogenesis
of brain edema sdur:i.ng conditions of acute hepatocellular

necrosis is as yet unclear. Earlier studies e\;aluating the

mech&nism of brain edema in FHF have resulted in.E

~co'r_hflicting results. .Where some have implicated a:

vasogenic mechanism (Livingstone ot al., 1977) others have
proposed a cytotoxic mechanism for the genesis ~of brain
eqema. during FHF (Hanid et al., 1979; zimme;:'Li et al.,
1981). various = explanations for these conflicting

observations are possible. The fact that different animal
~

models for FHF were employed, or that brain edema wab,

studied during qither very lat:.e or early stages of FHF is
often pointed out (Crossley et al., 1983a). 1In the opinion

of many authors (Chang et al., 1978; [Chirito. ot al.,, 1977,
“1979; 8aund9rn, 1979; Horowitz et al.,’\ 1983; Niu et al.,
1983:‘ shaffer et al., 1984; zaki et al., 1984) the

galactosamine-induced FHF model is , considered as the one

which most closely ragenbles human FHF. With i:hia in mind, '

~

controll studies were performed using the GalN-FHF rat
model to) try and elucidate the mechanism involved in the

genesis of brain edema during progr.:essivé stages of FHF.

{

_in the present stiudy, the evolution and development of

brain edema l'has been assessed both histologicallyv and by

- physical m'easutém.ents of brain water content during

)

G
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progressive grades of hepatic coma in the GalN-FHF rat

model. Initial qualitative evidence of brain edema during
2\

FHF was distinc tly evident from the gross physical

N

exal;\ination of the' brain at autepsy. At this time the
brain appeared swollen and ;dematous. The edema did not
appear localized to any one particular regi of the brain
but was widespread throughout the brain tissue, ‘

In order to . quantify the evolution and development of

the brain edema of FHF, the increase in water.._ content of

the brain was physically measured by using an analytical
*

"ballance. Furthermore, brain edema ha3 beéen determined as

an increase. in btaip volume (i.e. brain swelling), owing to
an increase in its water content by standard procedures
(Fishman, 1975; Rapoport, 197\6). 'llhe brain water contents
of animals in progressive grades of hepatic coma have béen
presented in Table 3.6. At fir.;st glance, the absolute
changes in brain watef content (or the percent water
content of the brain) beEweérz;o successive grades of coma may
appear rminor: (Pigure 3.17). However, if one Sere to
calculate the percent increase in the brain water conter;;t
(Pigure ;.16). it was seen that the water c;antent of the
brain had 'increased' by more than 5 percent during the
course of GalN-FHF. Similar increases in brain water
content have been repeated during fatal brain edema of

>
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various etiologies (Johansson, - 1976; _Hossmann, 1976;
Groflin and Tholen, 1978). . Q

As mentioned earlier, the definition of brain edema
imp]'.ies an increase in brain volume (i.e. brain swelling).
In the early literature, brain edema and bra‘in swelling
were differentiated. These terms are now c¢onsidered
synonymous. Thus, brain ,e;;ma during GalN-FHF ‘was also
quantified in terms of brain swelling (Table 3.6 and FPigure
3.17). Increases in_ the brain water content and brain
swelling became statistica;lly significant during Grade II
cdma when the first distinct éymptoma of neurological
impairment (i.e. coma) were also visiﬁly evident. As the

animals prog;-essed into deeper grades of coma, further
.‘s’ignificant increases: in brain swelling were ‘?ﬁée’;e.d
(Table 3.6 a;nd .?igure 3.17). Thus, the formation of brain
_ edema closely paralleled the deterioration in the level of
arousal .in these ‘zmimals. A theoretical curve relating
percent brain swel;iqg to percent increase in brain water
content (i.e. brain .edema) is showm in Figure 3.30. The
experm;rital results, when\fitted on the theoretical curve,
show the following. During the / early ‘stages of hepatic
coma‘(i.e. Grades I and II hep?ti,c comga) the amount of
‘brain swelling was relatively minor. The time required to
reach Grade II coma after GalN-induced hepatic injury is
approximately 48 ho;xrs. _— . )
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This is represented By the relatively flat portion of the
cu;ve. During the later or terlfzi{\al stages of GalN-
induced hepatocyte injury (i.e. Grages III and IV hepatic
cogua) the extent of brain swelling was both large and
rapid. For example, when éoma progressed from Grade II to
Grade IV brain swelling increased by nearly 3.5 fold witr:in

3 to 4 hours.

Such substantial swelling of the brain tissue within

the rigid confinements of the cranium can lead to brain
conpression and cause symptoms such as generalized brain
dysfunction, medullary failure, and coma (Pishman, 1975;
Berndt, 1982). Extensive brain swelling can also cause
various types &f brain herniation (Pishman,. 1975).
Clinically, brain edema and subsequent brain herniation is
presently cgnsidered one of the major complications of FHP
(Ware et al., 1971; Murray-Lyon et al., 1975; Ede et al.,
1982). Recently, it has also been obseryed that progres-
sive ,j.nég:eaaes in intracranial pressure (up to 4 fold) can
occur in patients and experimental animals dyin; from liver
failure (Haniq et al., .1979; E48 ét al., 1982; aucdlo;l at
al., 1984). The Monro-Kellie Doctrine, which professes
that the blood, cerebrospinal fluid (CSF), and brain tissue
(enclosed within the rigid confines of the cranium) are in

a reciprocal quantitative relationship to each other, may
" . &
3.
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account for the various coﬁplications'of brain. edema (e.g.
increased intracranial preégure (1CP), brain compression,

accordance to

coma, brain herniation, etc.) during FHF. In

this princiéle; the volume of any one compoﬁent (i.e. the

blood, CSF, or brain ﬁiaeue) .cag only be altered at the .

expense of the other compartments. Thus, in liver failure

an increase in the mass of the brain (i.e. due to, brain

swell*ng [edema]) must lead an incrbasq in ICP fand

1

subsequent decrease in the cerebral volqﬁe or altered b}ood
flow (Pishman, 1975; H§n1d et alit' 1§79:; Ede. ég al.,
i98§).& Slight fiuctuatiob in’ iC? *(ﬁﬁ t5§;§ TorQL can be
fejdla;iéﬁ of o

compengated by the auto the ' cerebral

circulation (Rapoport, "13763 Ede et al,, 13982; Berndt,

Y’

( o R .
1982). However, major ' increases, in -ICP (as seen during, -

FHF), in addition to cerebral  gompression, could lead: to

ltigsne; ‘ischemia, "éep;eehed qgrebrz} ‘energy
. generalized braiﬁ» dysfﬁpggion fipd " coma (Berndt, 1982y
Bolmiﬁ ‘et al., i983z- Brﬁnnqr,"1981). Various«models'of
experimental brain
(Rapoport, 1976; Marshall ‘et al., 1976; Goldstein; 1984).
Having '.eetabli;heél and _‘cénfigmedi the ponsistent
presence .of brain édépa ‘ durirg éaIN—FgF. further
- histological studies were ' garried 'oht to ;ry"to elucidate
the basic mechanism fbrlevolutiqn of.b:aig.édém€‘19 liver

" '
r 4 e .
.

"

levéla,x’

edema ’support,.‘lheae” possibilities .

[}
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f£failure. FPor this, both light and electron, microscopy of
the brain tiasue were carried out during progressive grades
of. hepatic coma. ,Representative light ~microscopy' results
are presented in Figures 3.11 =~ 3.13.., ln these studies,
the presence of extensive cerebral (Figure ‘3.1i), as well

as ceraebellar edema (Figuré 3.12 - 3.13) was evident,

. éspecially after the onset of Grade II coma and onwards.

buring Grade I, the presence of brain [cerebral as well as

cerebellar) idqma was only minor (Pigure .3.11 - 3.13).

These observations complemented the brain water ' content
f N - ‘

maaaureﬁenta' .(mentionad above) which showed similgr'

progression of brain edema Although these studies

. verified the presence of brain edemn during calu-rnr, the

mechaniqm ‘of its.genesis was still not clear. In order to
. - ‘ o !

" observe . the ultrastructural changes occufring'in the brain

during progressive Qrades of hepatic  coma, eioétronb
R . .

ficroscopy was carficq,opt.

Electron micrographs of cerebral blood vos-ela of FHF

rats freveaipd‘ evidenée of intracollular swelling -of

pericapillary astrocytes (figurc 3.14, . 3.15) &Vbn\dvring

Grade I coma. In contrast, electron micrographs of ‘the

' normal animal (i.e. wﬁ:ﬁput GalN-induced hopatic 1njury)

showed a compact cerebral parbnchymaf'and no astroglial

swelling (Figure 3.14). Thus, .with the devoiopmoht of
B 5 , { i

\\.
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GalN-induced hegatic injury an& coma, a distinet and
progfessive brain edema in the form of, perivascular
astroglial awelling was seen (Figure 3.15).‘ Du;ing Grade I
coma, the brain é?ama was relatively wminor: however, with
ihcreasing severity of coma, the astroglial swelling became
more and more distinct  (Pigure 3.15b-d). During terminal
éfages of GalN-induced liver cell necrosis (i.e. Grade III
and IV coma), exteﬂsive eQelling eventually resulted in

+

astroglial nchoais and whit appeared to be extaensive
vaaogenic edema (figuro 3.153,d: saee ~arrow): Thus, from
the .electpoh microécopy obser?atioqh, it appeared that
lGradg II coma-reprééented the 'stage of maximal astroglial
,sweiiing} prior to its eventuai necrosis in later‘éradea of
' hepatic ;oma. Elec tron micrdacopic'studiesA on experimental
metabolic brain”edema have d;mons;éa;ad,aimilar findings in

astroglial cells (Les and Bakay, 1967).

These foregoing Risﬁologicd%% results . suggest the

préaence’ of a cytotoxic brai edema, at leasﬁ during early -

stages of GalN-FHF. Excassive a troglial swelling (as seen
dhripg"cpggeé‘ IIio and. 1V hopafic coma)‘wohld eventually
‘JYead to disruption i; the astroglial cell mat§golism -tc
l-caugg ‘éallular necrosis and even;ual ,breakdown oi " the
blood-brain barrier. In such circumstances, an emergence

of a vasogenic component is highly likely. To verify this,




-the integrity of the blood~brain barrier 'wéu assessed Ly

trypan blue infusion studies during progressive grades of
hepatic ;oma. Representativé results from \25 animals aré
presented in Fiéurc 3.18» | z '

" The blood-brain Sarrier (BBB), by sheer virtue of i;a'
definition, 1is a highly selective ;ggulatory' interface
between the blood and the brain (Rapoport, 1956). Under
normal circumstances, the (§ntaqt BBE is impprmcabie to
subutangis.-uch’aa trypqp; biu;.' Hownvar; with increasing
" severity of liver injury‘.and, h;Patocyte pec;osié,‘ a
‘pfogrolsivc' staining of the brain - tissue . was observed.

Duriqg the early itggeélaf hopatic'céma (i.e. Grades I and
II coma), the “injury fo tﬁ; BBB apﬁc&;ed minimal (although
‘;opo qiainiﬁg of the‘brain, clpecialiy in the cerebellum,
during Grade II coﬁa, was seen) (Figure '5-18)} In
contrast, hodnvof, a total BBB ‘broakdowﬁ‘ was seen during
the terminal stages “of liver failuro and com# ({.e. Grades
III and IV coma)  (Pigure 3,18). -
’ These and provious EM obnorvati&nc lugg;-t that the
-‘ evolution of brain ‘odoma durlpé GalN-Fﬂf may follow a
biphasic pattern, such that a cyﬁotoxié component preceeds
; vasogenic edema tormation. In ﬁoccpt studies, using the

GalN-FHF modoi, the Liver Group at the National Institute

of Health, USA, as well as the Liver Unit at King's Collega,
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vatogoqic'prain egeﬁa (Livingstone et al.

‘al., 19847 Potvin et al., 1984).

Chﬁbfidge, have shown evidence of cndotoxin accumulation
and' cytotoxic in;;ry ' to the BBB (by Fffecting its
permeability) during early stages of FHF (Horoﬁitz et al.,
IQBS: Zaki et &1., 1983). g, Such 'insults to the BBB have
ice& shown to cquseu substantial 1ntréc;11u1ar astroglial
swelling  and subsequent metabolic ‘ and transport
abnormilitias across the BBB (Hanid hq al., 1979; ;z;ki ot
al., 1984).  Eventually, in terminal stages of liver
failure and éoma, total astroglial cellular necrosis_ w&hld
result in total BBB"braﬁkdown and th formaéion of ¢

‘- 1§77i zak% et

e results of"the_

) pr.aent study in‘“thiu thoniu support this hypothelia. The
. gathogenosis of mqtabolic brain edema (which is caused Dby,
“the accumulution of matabolic endotoxins) has been réported

to ovolvo by a -imilar biphaaic mechanism, . 1.0. transition
s ,

from’ cytotoxic to vasogenic edema -due to tissue (astro-

glial) necrosis (Hossmann, 1982). The biphasic. development

of brain - edema. .has also been‘dogqnairatgghin,va;;§qs other

- mpdels of cytotoxic as well as ischemic ﬁ%ain edema ‘(Sputz '

ot al., 1976; Littls, 1976; Brock, 1982; O'Brien, 1982).,
‘Tha precisa ‘cauao~e£fect-' relationship . for . the

development of brain edema during hepdticz coma is still’

npcculhtiv-.L Ho#uvar; one cannot overlook the fact that

-
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‘ during acute liver (failure there is a dnfmatic alteration

in ‘'serum biochemistry, as well K as the accumulation of

var%pus motgboiic tdxin;‘(and some as yet unknown middle
‘ mqlcculog) 'which are normally detoxified by the fgyctioniqé
liver (Zieve, 1979, Chang and 'Listcr[ 1980, 1981)A
Furthermore, the -substances tcleased from the )nocrotic
hepatocytes 'may themselves be. the source of additional
endotoxins. S | '
Rbceng studies have implicated lovgral potaﬁtial toxic

substances of livir failure as ~contributors in ﬁhc '

development of =brain edema because ' of their deleterious
effects on the BBB'l‘mQMbraﬁoﬁbound enzyme systems (Foster
et al., 1974; Bazan et al,; 1980; Baethmann et al., 1980).
fn this regard the -, Nat-k* ATPase J?utem has been
extensively studied (Mrsulja oé al., 1980; Pishman and
Chan, 1980; Zaki et al., 1983, 1984; Seda et'al., 1984).

In tho studies carriod out by williaml"group, at King s

COIIan Livor Unit. it was domonuttatod that serum from FHF -

'pationts sqvoroly inhibitcd tho Na*-K* Ampate syutam as

well as othcr nutricnt transport lyatsms af the BBB (z:kit
<,

. B
ot al., 1983, 1984: Seda ot al., 1984). These changes
,-ovcroly compromised thc integrity, as  well as . 'the
permeability, of the BBB to substances normally QXcludod

from the brain.' Inhibition o'f) ﬁ:he Na*-K* ATPase pump by

, = 241 -

ak

.




I K T 3

toxins such as ouabain have . been demonskratad to eguae‘
cytotoxin brain edema by )poi-oning tho Na+ -K} ATPase pump;
(cornog ot al,, 1967) A similar mechqniqm may aluo ‘be

involved in the formatlon of cytotoxic odema in ‘the predpnt -
studies. Thus, K a progrecgivo accumulatlpn 'of “cerebro- |
‘ toxins" during GalN-FHF (Chang and Lister, ~1980) may é#ﬁéé
a ‘pfogrgabivo' ihﬁibition\ of the’ Ne*—K* ATPase pumg‘lto
result in thg progressive cersbral edema observeqd in the

-

present study., ‘ ,
 similar defects in . momb’ﬁg—bound Na"'-!("' ATPase
activity have also been oblarvcd in Reye's Syndrome. "In
this syngromc, the - ondogonéug toxins have been shown to
have ' their major effect ' at the mombrana lavel, in.
aplociation with mombrano-bound Na*-K* ATPalo,‘to cause the
uncoupling ot' 1 oxidativc pho-;horylation £rom Fho
respiratory . chain (De . ‘Vivo, 19783 /In other  studies,
Holmin et al. (1983) have demonltratad a dacrease in
ccrobral energy lovoll during liv-r failure 4s a’ rn-ult of
. such changos. The abnormal awelling of tho astroglial
‘mitochondria with pragressive severity of coma, as- seen in
th? present. study .- (Pigure 3.11), may explain such
observations. ﬁ h )
| ‘Ddring the final'litagon of hcpatip ;ncoph;lopnthy,
sufficient accumulation of endogenous toxins would r90u1£ in’

R
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total ~BBB breakdown and a transition from cytatoxic to

-

Gaspgenic brain 'edema would ensue (Spatz et al., 1976:

Hartmann - et _al., 1982). 1In such a situation, large .
. - .
quantities of blood-borne metabolites would freely enter
. .

.thg\'brain to augment brain edema and cause immediate death

!

“ by brain herniation (Fishman, 1975: I,B&ﬁqport, 1976;

Livingstone et al., 1977). ,

p The | fact that early treatment wiih‘ charcoal

v

hemopérfﬁsion resulted , in 1increased- survival in both:

animala\ and patients (Chang, 1972; Chang et al., 19751’

-Taba ta &\Bﬁcmg, 1982; Gimson et al., 1982) could be due to

the removal of endogenous toxins by hemoperfusion, thereby

preventing the . progreasién of cerebra;— edema in these

cases. Hemoperfusion in late stages of &apatic coma,

"although,‘beneficial in the —recovery of <consciousness

Faki

'(Cﬁang. 1972; Weston, 1982) did not reduce the formation of.
cerebral edema unless treatment was initiated " earlier .
(Chang et al., 1958: Tabata and Chang, 1982; Gimson et al..
1982). Furthatmére,lgf breakdown of the BBB had already

occurred, death would result despite corticosteroid- or

osmo therapy té reduce brain edema (Hoyumpa et al., 19793

Bivingatone et al., 1977).
' ThJa. from the foregoing ‘diaquasiona it can be

¢oncluded that brafn edema during acute liver failure is a
t N

A

L
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seriou’s complication. The development -of brain edema in °

GalN-?HF'appeq;q to follow a biphasic pattérn in which an .

initi&l cytoxic brain edemh‘«dev910ps into vasogenic brain

edema. The transition - from. cytotoxic to vasogenic brain

‘edema may most likely be due to excessive 6stroélia1 )

swelling (and its. subsequent necrosis) to eventuaflly -renult

in’ BBB breakdown.  Inhibition 'of brain Na*k* ATPasq

activity by endogengaﬂ toxins of 1liver failure may most

likoly be the Undarlying reasons for the evolution of brain

- s
edema and deprgsgad neurological gtate\‘(i.e. coma). . In

GalN-FHF the transition from cytotoiic‘to vasogenic brain

t

edema may  be a critical turning point 'with . respect to -

prognooiil of survival in FHF. 1In tho‘proseht studiea Grade

II coma appaarod to be this critical turning point in the

tranoition from dytotoxic to vasogenic brain edema.
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4.3 PGE, STUDIES -- ITS EFFECTS ON GALN-INDUCED HEPATOCYTE
INJURY

»The numerou; physiological a properties - of prosta-
glanding - are as K diverse as their‘ubiqﬁitous occurrence in
the body. Of these, the cytoprotective property of 'seve;;i
prostaglandins is truly unique. The cytoprotective effects
of proata%landins against‘a yvariety of npxioua agents were
first observed in the gastrointestinal ‘mucosa . (Robert,
~i978).ﬁﬂowever, in recent years éytoproﬁection (agai;;t a
variety of necrotizing agéhte) By prostaglandins
‘ (eapecially %GEZ) has_beenvektended to include a §ariety of
organs including the 1liver (Robert, 19797 Reber et al.,
1980; Stachura et al., 1981; Ruwart et al,, 1982b). These
,;tudigs ‘demonstrated that several prostaglandins (and
egﬁaéially‘Pszé) brotected hepatocytes from a wide range of

'necrotiiing' agents, 'ihcludfng GalN, when administered

eitheg a tq& minutes before or immedigttly, after tﬁb.

-

ﬂacrotizigg‘ stimukua.'A It ,is not known whether prosta-
élnﬁdins Eé is '(hepato) cytoprotggttve after the onset of
hepatocyte injury and necrosis. The. present PGE; studies
\wéfh carried out to determine whefhei*EGEz was -capable of
, imertiné “hepato-éytoprétectionf after .iye onset of
GalN-induced éc&te hepatocyte’ injury. Galactosamine~
indué;d FHF animals in Grade IX coma were aelected for this

study because’ Grade II coma rapresents the stage of maximum
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hepatocyte injury in this model. , Grades III and IV coma
represent the terminal stages of hepatocellular injury and
necrosis (Figure 3.10).

N b ¥

Of the various dosages of PGE, that were tested,
'100 pg PGE/100g body wedight was optimal in its effect in
. s;gnificantly improviﬁg,/the survival time but not the
survival rate ’of»'Cradé II coma rats (Figures 3.19-3.21 ;nd
Table 5.7-3.8).' In later'g;adés of coma (i.e. Grades 1III
and IV coma) this dosage (100 pug PGE,/100g bod& weight) did
not improve the survival time nor the survival rate' (Figure

3.22 and Table 3.9, 3.10). "It is likely that during Grades

L]

IIT and 1V hepatic coma, irreversible injuries to
hepatocyte and blood brain pérr;er'may be taking place.and

improvement in survival time 6r_rate could 'not be expected
» \ t a ¢

(Figure 3.10). K ‘ ) i ot
‘ - N ' ¢ - e

o, . N \

4.3.1 The Effects of Prostaglandih E; on Serum Biochemistry

Since acutey hepatocyte injury and necrdé&s'severély

" affects serum biochemistry (Figures 3.6 - 3.5), ﬁheQ’éﬁfecté
of PGEé on hepatocyte function were assessed by andlyzing

the serum biochemistry at specific times (i.e. 0, 4, 8

hours) after PGE; injection. . Routine serum ‘biochemical

analysis (during PGE; studies), as performed by the SMAC

— , .
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and commercially available kits, 1is presented in Figures
3.23 - 3.25 and Taples 3.11 - 3.13.

General}y speaking, the serum biochemical analysis did
n&t- reveal any major diﬁferences.between the PGE; treated
grdup and the control animals. ‘qhe increase in serum
glucose levels seen in -Pigure '3.23 was due to a
subcutanequs glucose injection given 'to all experimental
animals. This was done to prevent the extreme"hypoglyqemia
which is experienced by all GalN-FHF animals (Figure 3.6).

In the ;ase of liver enzyme analysis (Figure 3;2; and
Table 3.13), a significant improéemen; in the le?el of Soth
ASAT and ALAT was observg? in the PGE; 1njeéted .an}mal over
saline injected control animal. No - significant changes
were observed with 'respect to alkaline phospbaéase or Lpﬂ
in either PGEj or saline inj;cted animals (Figure 3.25).
Significantlya reduced enzyme levels (ASAT 'and ALAT) in the

"PGEy 1injected animals suggest an impfovement- in liver
function in this group. 'Dﬁring &cutg liver failure,
endégenoua prosthianéin (E and“ F) levels are severely
\deprassed (Trewby et al., 1975; Loginov and Markova, 1979).
In these patiénts infusion of prébtaglandin precursors
improved liver function (as * assessed by ASAT and ALAT
levels) and bréught back to normal the levels of various :

o
eéndogenous prostaglandins, including PGE, (Loginov and

-t s
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Markova, - 1979). Thus, in the present study, improvement in

liver function may be attributed to the supplementation of

exogenous PGE9g.

¥

‘4.3t2 The Effects of Prostaglandin Ez‘on Hepatocytes: A
Histological Study '

_The effects of PGE; on GalN-injured hepatocytes were
examined histologically Dby both light " and electron
miéroscopy (Figures 3.26 - 3.28). Light microscopy of the
1iver tissue showed similar evidence of extensive mottled
hepatocyte necrosis’ and karyolysis in both the PGE; and
saline Qcontrol) injected animals (Figure 3.26b-d). These
olight-miqroscopic studies were not sufficient to show any

clear distinction between the PGE, treated and the saline

irijected control animals.

~

" Electron microscopic studies showed much Dbetter

details. Galactosamine-induced acute hepatogcyte injury has

lﬁéen .shown to result in a characteristic pattern, of
lﬂhgpatocfte necrosis which directly correlated with the
severity ' of coma grade (Figure 3.10). Ultrastrucﬁbral
studies uhiqg ‘electron microscopy revealed that, during
Grade ;I éoma{ the endoplasmic reticulum (ER). Dbecame
intimately associated with the nucleus (i.e. the ER was
wrapped around the nucleuss to ultimately cause karxolysis

and cellular necrosis (Pigure 3.10, 3.27). At this time

o
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"3.28a.  Although PGE; seemed to prevent or delay the

~

(6rade II coma), the mitochondria were also severely
distorted . (Figure 3.27). PGE, treatment during Grade II
coma appeared to px"event the \progression of 1liver injury
for up to 4 hours (Figure 3.28b). In contrast, the control
animal which received ‘o;lly galine (instead of PGE;) showed
marked evi&ence of karyolysis (Fié\‘me .3.28a) at this“time

(1.3.‘4 hours, after saline injection). - Eight hours after

OPGEQ injectioh, . the hepatotéytes started to show evidence of

" karyolysis in a ;iianner similar to that .shown in Pigure

. ¢

progreasio‘nv of hepatocyte necroseis by  preventing

9

kargplysis, Jit  did not appear to have any significant

effect on the prévention of mitochondrial distortion.

. X W . .
' Thus, . it \‘"appears that PGE; may somehow fect the

hepatocyte's membrahe system to prevént the progression of

cellular damage. It has been suggested that PGE, may help

to stabilize the hepatocyte .plasma membrane and thereby

improve its;integrity to cellular necrosis in the event of

toxic injury (Stncizu'ra et al., 1980; Miyazaki et al.,

1983). Additionally, PGE; may ‘also have some effects on

the hepatocellular metabolism to prevent +the progression of '

- N /
liver cell necrosis. .

The precise physiolégﬁcal: role of pfostaglandins in

liver physiology and more spedifically in hepatic
w . . g ' 4 X
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regeneration and as hepatoc;'topré;ﬁective . agents - i‘sh still
uncleh’ {(Lifschitz, ‘1983). It has been demonst:,rated" tha‘t .
‘hepatocy;:e piaama. membrane \possesses"PGE‘receptors and that
the- mechanism of . PGE aq}’gn‘ is me'd'iated‘ by ‘adrenyla;t‘:e
cyclase ‘(Kl‘i"éhl and ‘mnpes. 1972; Simige{' and" Fleischer, .
1974; \q;)hansaon and Bergstrom, 1582; Hammarstrom, 19,5'2).
It has Dbeen pf'aeposed that. prqatag;l.andins , may '.have a
regulatory eff_ept ‘on rJ.jh,ver et_aboliéxﬁ ‘and function, as:
norm-aliza'«tion‘ of liver funcéion acconipanied a rise in the
concentration of endogenqus“ prostaglandins (Loginov ' and
lqaz:kOVa, 1979). An "-inc,rease in PGE was alsa observed
during 1liver regeneration ' following partial hepatectomy :in
normal rats, suggecstin’g that PGE may be of kgy‘ importance
in DNA synthesis (Macmanus and Braceland, 1976)“. A receﬁ;:
report _c,orifirgtied this by ‘sh;:wing tilat, é;ostaélandins
stimulate hep'atic ‘DNA synthesis and mAy seem a likely
'trigger for liyar ;egenefation - (Miura and Fukui, 1979).
More recently it was ‘ ghown that intr&éerito;xeal'ly’
administered . exogenous PGE; prevented the inhibition ,of‘
hepgﬁlj.c DNA synthesis. by ethanol and a‘lso *prevent’ed the-
rog‘res,'sion of liver injury due to ethanol (Mokowka et al.,
1982; McNeil and Leevy, 1983; angeil et al., 1985). "
Since a defect or sdnjury to the aplas:'ua membrane
appears to be the final common pathway in nearly all forms

I ©
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é. ' . .
‘ of hepatocellular necrosis {(Popper, 1981), prostaglandins °

4 . . (
« could impart  hepatocyte protection by  causing the

</

‘“staﬁiliz(ation*, of the hepatocyte's plasma membrane and, in
this wa.);, \; enhance the integrity of cellular membranes
(Robert, .19’81‘). The meéhaniam "for this is not known;
s Prosticolandin I, has been ‘dexﬂoﬁstrpted to _stabilize cat
. liver lysomal membranes (Araki and Lefer, 1980) and by this
mechanism pr&ect hypoxic liver damage in the 1isolated
per‘:fused cat liver model. Moreover , PGE 9 complgtély
p‘revented‘ severe lysoseomal damage \Qf_ hepatocytes ~f.ronp‘ a
variety of: noxious\agients, including GalN (Stachura et al.,’
1980, 1981; Ruwart et al., 1982a,b; Miyazaki et al.,’fi 1983).
Recently it was .;Sr0posed %that, since ﬁz stimulates '
cyclic AMP formation, this may be the media& for cyto-
protection (Stachura "a:‘. al., 1980; Miyazaki ‘et al., 1983;
'Ruv}aft et al,, 1984). Alternatively, prostaglandins (E,
;md Fp ) may also hhave‘ixnportant reéulatory influences -on
ceflular metabolism and thereby' stimulate (as yet unknown)
mechanisms to strengthén the integrityt of the hepato-.
cellular plasma membranes. At the pr‘esent time, however,
there is. no documented evidence for the mechanism(s)
X\?voltfad_ i.n hepato~cytoprotection b‘y proataglan_dins‘.
.

U ’ ’ o®

.
'
-
J ) o \
<
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4.4.1 The Effects of Prostaylandin E, on Brain Edema

.72
. > /
4.4 PROSTAGLANDIN E, STUDIES: ITS EFFECTS ON BRAIN EDEMA
The cytoprotectivo effects of \pczz on various érgans
including the liver has been extensively stuk%ed" since - its )
initial discovery nearly a decade - ago (Robert, 1976, 19817 .-
‘Stachura ‘et ' al., 1980). Recently PGE, has  been

demonstrated to significantly prolong the survival time of

'Gam,-;l-ll’ rats ‘in Grade 1II - hepdtic coma (Dixit anad Chang,

N

1982). However, PGEz given in later grades of coma did not
improve the “quryiva\l time or sur;ival rate (Figure 3.22 and
Table 3.10). -

"i'he precise ;uec;hanism for thia\ \[‘haa yet to bg
aelucidated, Some effects of PGE; on GAlN-injured
hepatocytes have been discussed in .the preceeding section.
In the present section, the effects of PGE; on the
do\ielopmnt of brain edema wiill be considered.

Brain edema is now recognizeé as one of the major
complications. of fulminant hepatic failure kmra et al.,
1971; Hoyumpa, 1'9179; Ede ‘et al,, 1982). Thus,-in the
present study, the effects of PGE, on the development of

s

brain edema in GalN-FHF rats has been investigated.

4

s Evidence of the extensive development of brain edema

and subsequent brain swelling during progressive stages of
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GalN-induced hepatic injury has been discussed in a
‘ preceeding section of this chapter (Figures 3.11 - 3.18 and
'ra,bl'o 3.6). From these _control studies it ‘was observed
that Grade 1II coma represented a critical and pivotal stage’ :
:n’the de‘vejlopmept of ‘bx."ain edema, During deeper grades of
coma V (i.e. Grades "III and IV hepatic coma), externsive
cytotoxic injury to the blood-brain barrier was thought to
result in the deivﬂalopment of vaaogenic edema (Figure 3.18h
In the PGEj; studieéx,f\tha effect of PGE; on /the
development of brain edema hasl been studied during Grade IY
' scoma. A guantitative study invdlving ‘the effects of PGEj
on brain water content and brain swelling has bqeﬁ ¢
presented. ('rabiu 3.14, 3.15, and Figure 3.29). In
addition, a histological study using 1light and electron
microscopy has also been presented (FPigures 3.31 - 3.35).
Finally, a -ggxdy involving the effects of PGE; on the
integrity of the blood-brain barrier 23 aj.ao presented

(Pigure 3.36). 1In thes'a. studies, it was

b ¥a

een . that aqimala
" which received PGE; did not show aﬁy s}gnificak increase
" in either brain water content. or braip »swelling (Tables
' 3.14, }3.15, and Figure 3.29) 4 hours after PGEz injection.
C In cont;x:as;, the control animals thch received only‘ saline’

and no PGE; showed a 3.5 fc?ld inc:;ease in brain' water

" content during this same time period (Figure 3.29 and Table
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3.15). Fur thermore, in the PGE; injected animals, a
reduction in brain edema was observed 8 hours after PGE,

injection (Table 3.15). Aﬁ this time, both the brain watef

" .content and brain swelling subsided to near normal values

(Tables 3.14, 3.15). In the control group, which received
6nly saline, no survival was obtained 8 hours' after saline

1ﬁjection. It is likely that in the control '(saline

'injécted) group, extensive hepatocyte necroais " and the

©

development of severe brain edema may have been the cause

5

of death.

%

~

In the present PéEz studies, tﬁe< dévelpp@ent of ~brain
aedema was also e*amined histologically using bo th light and
electron microscopy (Figures 3.31 - 3.35). Light
microstopy results (Figures 3.31 and 3.32)l complemented the
quangititive measurements of brain swelling (Tables 3.14,

3.15, and Figure 3.29). Light' microscopic studiga in

‘control animals (i.e. saline injectad) showed progressive

* i

and widespread cerebral and cerebellar edema 4 hours' af ter

‘saline injection (Figure 3.3l1b and 3.32b). During the same

time period, the PGE; injected, animals’ displayed somewhat

less brain edema (Figures 3.31lc and 3.32c). A distinct

Ltgbsence of brain edema was evident 8 hours after PGE;

injection (Figures 3.31d and 3.324). Eléatron miéroacqpy

studies showed consistent presence of brain edema in all
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Grade II coma GalN-FHF z;nimala (Figure 3.33). "It was
c;pbcrvod that in cont;rol animals, which received 6n1y
saline, a further prog{:e’nsioﬂn in brain edema occurred 4
hours after, At this time extensive swellldng of the
perivascular astroglipl cells, as well as the presence of

‘abnormal vacuoles and necrotic structures, were clearly

. evident in these animals (Pigure . 3.34a). ' In marked

contrast, the. PGE; injected animals showed a dramatic

cor;trol of the pe:lyaucular aétroglial awelling during the
same time : period (i.e. 4 hours after PGE injectiqn)_
(Figure 3 .34b). Aithpugh . some  vacuoles and swollen
mitochondria were still °'visible, the bx"erail astroglial |
'ﬁelling was' aigniﬂcantly reduced when - compared to its
corrcspdnding conti'ol group. “ 'Eight thours after PGE,
injection, 'an almost cor&plete r_emiseic;m of astroglial
s‘welling' was geen (Figure 3.35). PFurthermore, at this
.timé, there was no ' evidence . of any - severe tissue
cémpfass’ion or nec;'oais. Thus; as witneaaedﬁ by electron
micro_scbpy. PGEo was abie to reduce and 'nearly abolish the
presence of brain edema during GalN-FHF, However, in thise
regard, it cannot be overlooked that PGE9 may have an
effect (f:n the hepatocyt'e' itself, ‘theraby inducing the
synthesis of some factor(s) Iwhich‘ in turn may'act. on th§

blood-brain barrier.to ameliorate the brain edema of

bR
N
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GalN-FHF. Recent®y, it has been Aemonstrated that
exogenous PGE; had a beneficial effect dn the hepatocyte

plasma membrane such that it improved ATP dependent

. membrane function by improving high energy phosphate levels

an(d( slowly improve ATP-dependent intracellular ifunct,;iori
(Ghuman et al., 1982). ‘

Finau'y, in order to {nvestigate whether PGE, had any
effects on "tixe structural integrity of the blood-~brain
barrier (BBB), trypan blue dye infx’:;ion atudieq_ were
c‘:arz:ied out. Representative observations from zshanimals
are prefanted in Pé.gurc 3.36.‘ Normally, an intact BBB

prevents dyes of large molecular weight, such“as .trypan

blue, from staining the brain. 1In the pi:esent expeXkiment,

when trypan blue was injected ’int"o Grade II coma imals
just prior to PGE; or control saline injection, a b_aligh‘t
iniw;r to the BBB was seen. Four hours after this, when
trypan blue ‘'was injected into control animals there was

deep ) blue staining of the complete brain, ahowihg a total

. breakdown of the BBB. On ,t%e ‘other hand, PGE; injected

animals at 4 hours and 8 hours after did not reveal severe
blood brain barrier breakdown. ”Th\;a, from these studies it
appears tllmt PGE; prévented the breakdown of the BBB and
the transitiQn of cytotoxic pbrain edem% to vasogenic brain

edema, at least for up to 8 hours,

)



The physiological action of prostaglandins (E) on
brain capillary enéothe;ium is uncertain. Confli‘ct{ng
repor tsa 6f ‘it having vasconstrictor as well as vasodilatory
effect have added further Eb‘n rover;y to its..effect
(Steiﬁer et al., 1972; wolfe, 1975). \ The effect of PGE; on_
BBB structural integrity is as yet unknown, The effects of
PGE; on the Na*‘K"‘-—ATPas? pump, ﬁ tissue adenyl cyclase
activity, and cerebral vasculature is well documented
(Wolfe, 1975; Rapoport, 1976% Greenberg et Sal,, 19827 .
Deprassed brain Na*k*-ATPase activity has been reported
following various types of‘br}ain edema and F:IF (De Vico.,
19783 Mrsylja et al., 1980; Ede et al., 1982; Seda at al.,
‘1:984). PGE 2 .ﬁaa been shown to satimulate Ng*K"'—ATPaée
activity in the _brain '(Wolfe, 1975; Gilboe et al,, 1976:
‘Greenberg et al., 1982). Thus, it may be possible that
stimulation of Na‘*K*-A'L‘Paée activity by exogenous PGéz may
help‘to maintaifx'.the physical ‘as. well = as tl;é electr;o-
chemical integrity of the blood-brain barrier against the
circulating :.oxinp of liver failure. JFurthermore, .in " brain
cgpil;arie'a 4t has been demonstrated that regulation of
permeability is mediatéd by cyclic AMP (Joo et al.\, 1975;
J;)o, 1977). - The gac: that PGE; stimulﬁa tes adenyt cyclase ‘
activity suggests that PGE) ;nay play a role in mai;x\tiiniﬁg -
the ;’)ermeability of the blood-brain barrier which 1s~{often
comprox:nised in acute 1liver failure (zaki et al,, 1983,
i984). | o
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CHAPTER V
CLAIMS TO ORIGINAL RESEARCH

Summary of Claims to Original Research .
Basic physiological, biochémical, and histological
(LM/EM) studies were " carried out to characterize the
galactosamine~induced fulminant hepatic®  failure
(GalN~-FHF) 'model 'with respect to the progressive
development of hepatic coma, -

it was found -  that galacgc;samine «. induced a
characteristic pattern of intgacellular ;vents which
led to event:uaql hepatocﬁa necrosis. These eveni;s

correlated to the severity of hepatic coma.

It was observed that significant cﬁangeg in the

orientation of the hepatocyte's endoplasmic reticulum
(BR) &nd mitochondria started to take place before the
onset of overt encephalopathy, i.e. as early as Grade

'Iu hep&t,ic coma. At this time the ER and mitocl}o’ndria

became closely Wsd with each other and started

to al¥gn themselves along the nuclelr membrane.

During Grade II hapatic coma, .gross structural

altaratioris in the mitochondria were visible .

throughout . the hepatocyte. Also at this time the ER

hgd/completely encircled the nucleus to envelop it.

'l'hus, it was found. that Grade II hepatic coma
J
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tepresented a critical stage during GalN-FHF when
cellular sequences leading to hepatocyte karyolysis
had begun.

It was found that the hepatbcyj:e's 'ER is .intimately
associated with Gal-induced ver cell necrosis.
Massive hepatocyte ne'crosi's appeatred ’to take place
during the terminal stages of GalN-FHF, i.e. during
,Grades II1 and IV hepatic coma.” At this time it
appeared tﬁat the Eli, vhich had wrapped itself:" around
the nucleus, resulted in the\ ,destruction of the

nucleys. Following . karyolysis, cellular necrosis

@

ensued.

Galactosamine—~induced FHF resulted in t'he progressive
development of brain edema (as evaluqf.ed by tissue
ﬁistclogx (LM/BM), a.nd brain¢ water content and brain
swelling Wmeisurgments) ‘which  correlated with the

increasing severity of hepatic coma.

s e
h f

Galac;toemine-induced FHF resulted in. profour;fi”
dehydfation‘ of the FHF rats. In these rats, 'despitq
general hody dehydration, the development of brain
edema remained a consistent patholotjical feature. -
Evidence of brain swelling due to brain edema was
evident b/efore t:he onset of :overt hepa;:ic coma, i.e.
when the animal was in Grade I hepatic coma.

L]
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9)

10)

11)

12)

13)

14)

a

-resul ted in the development of vasogenic brain edema.’

Electron microscopy and trypan blue dye infusion
studies revealed that the evolutipon &8f brain edema
followed a biphasic pattern in which cytotoxic brain
edema preceedéd a vagogenic comiponent.

Grade II coma appeared to be the critical and pivotal
turning pc;'in*t in the evolution of brain edema. During
the terminal stages of GalN-FHF (i.e. Grades III and
IV coma) complete preakdown of the blood-brafn barrier
The breakdown of the blood-brain barrier wvas first
ev’ident in the cerebellum and rapidly followe{i to the

cergbrum.
f

- PGEj, when injected into GalN-FHF rats in Grade II

hepatic coma, signific'antly increased the survival

?

time but not the survival rate in these rats.

PGE, had no significant effects on either the survival

. time or survival rpte pf GalN-FHF rats in terminal

stages (i.e. Grades III and IV coma) of FHF.

" Prostaglandin Ej prevented the devélopmént of

GalN-induced hepatocyte necrosis when given to rats in
Grade Il hepatic coma, It had no significant effects

in later grades of coma.
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15)

16)

PGE; prevented the brogression of brain edema and
<brain swélli;xg when given to GalN-FHF rats in Grade I
h'eéatj.é coma .

PGE; injection significantly prevented the development
9f astroglial swelling for up to 4 hours; 8 hours
aftet PGE; .injection(, brain edema, as evaluated by
tissue histology and measurement of brain water
content and brain swelling, had subsiéed to n;a;'

normal wvalues.
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