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ABSTRACT

The effects of endotoxaemia are thought to be mediated by endogenous 
host substances. It has been suggested that the recently isolated cytokine, 
Tumour Necrosis Factor (TNF), is such a substance. To examine this 
possibility the effects of TNF were studied in the dog and the findings were 
compared w ith known effects of endotoxin. Secondly, to assess the 
dependence of TNF effects upon endogenous prostaglandin synthesis, TNF 
was given after administration of the cyclooxygenase inhibitor, Ibuprofen. 
Further studies questioned whether or not some TNF effects might be due to 
an increased absorption of endotoxin from the gut.

In anaesthetised dogs an infusion of TNF caused fa lls  in systemic, 
pulmonary, central venous and pulmonary capillary wedge pressures. There 
was a four fold increase in urine volume and significant pyrexia, 
tachycardia, hyperventilation and hypermetabolism. In addition, leucopenia 
and increased circulating concentrations of stress hormones, lactate and 
pyruvate were observed. Peripheral glucose uptake increased and though 
glucose production also rose this was Insufficient to meet demands. In 
consequence, blood glucose fell. Urinary nitrogen excretion was increased 
but this extra nitrogen was not drawn from the periphery, suggesting a 
visceral source. These alterations occured in the absence of severe 
hypotension or acidosis. Many of the changes were reproduced in two 
conscious animals.

Pretreatment of anaesthetised animals w ith Ibuprofen abolished 
haemodynamic changes w hilst attenuating some of the other responses.

Studies of TNF administration after removal of the bowel suggest that 
several TNF effects do not depend upon an Increased absorption of gut 
endotoxin; for many parameters however no firm  conclusions could be drawn 
from the data.

These findings support the hypotheses that TNF Is a mediator of 
endotoxaemia and that some of its  effects are mediated by prostaglandins.
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CHAPTER 1 

INTRODUCTION and LITERATURE REVIEW

1.1 INTRODUCTION

The presence of certain bacteria, w ithin the body fluids or tissues of a 
host organism, is sometimes associated w ith clinical infection. The earliest 
and simplest interpretation of this was that those bacteria or their cell 
products, directly, caused the clinical state. We now know the process to be 
far from direct, depending as It does upon many intermediate steps. In the 
words of Siegel (1983), "sepsis is an acquired disease of intermediary 
metabolism Induced by infectious agents". The study of sepsis requires a 
concern for those host elements which make up "the immune system", in the 
broadest sense of the term; their function, order and control: their 
beneficial effects and the disorder which may be caused by their 
uncontrolled or unopposed action, it  is the purpose of this thesis to examine 
the possibility that a recently isolated cytokine, tumour necrosis factor 
(TNF), is part of this immune system; specifically, that It serves as a 
mediator of endotoxin's effects. This review chapter begins by considering 
what we know of the immune response and the immune system with 
particular emphasis on soluble cell-derived mediators. There follows a 
section which relates endotoxaemia to Gram-negative sepsis. Endotoxin 
itse lf and then TNF are reviewed. Finally, there are brief sections which 
provide background information on prostaglandins and on the relationship 
between endotoxin and the gut (of relevance to parts 2 and 3 respectively of 
this thes is ).

1.1.1 The Immune Response. The "immune response" refers to that 
response by which the host defends itse lf against all that is foreign. The 
immediate reaction to invading organisms, which has many sim ilarities 
w ith the response to trauma, consists of a constellation of changes which 
are often referred to as the "acute-phase response", or "acute-phase 
reactions". This begins within hours of infection and is of variable intensity 
and duration. There is no single definition of the term, but the following 
features are typical (Dinarello, 1984);
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1. fever,
2. an Increase in the synthesis of "acute-phase proteins" such as C-reactive 
protein (CRP), serum amyloid A (SAA), haptoglobin, caeruloplasmin, alpha 2- 
macroglobulin and fibrinogen,
3. fa lls  in serum iron and zinc, a rise in serum copper,
4. an increase in total neutrophil count and also in the count of immature 
neutrophils,
5. an acceleration of most biochemical processes, skeletal muscle protein 
being broken down to provide amino acids for visceral use, fat becoming a 
major oxidative fuel and gluconeogenesis being increased,
6. hormonal changes, including increases in ACTH, cortisol, glucagon and 
catecholamines w ith a resistance to the effects of insulin.

The work of Wilmore et al. has emphasised that these changes, broadly 
speaking, fa ll into two groups; "neuro-endocrine" and "inflammatory”. The 
simultaneous infusion of glucagon, cortisol and adrenaline into humans 
causes an increased metabolic rate and gluconeogenesis w ith 
hyperglycaemia, insulin resistance, flu id retention, sodium retention and 
negative nitrogen balance. These responses resemble the neuro-endocrine 
aspects of sepsis yet the subjects do not develop fever and other acute- 
phase responses are absent. In contrast, when subjects are given an 
intramuscular Injection of the naturally occuring pyrogen, etiocholanolone, 
a variety of "inflammatory" changes including fever, an increase in acute- 
phase proteins, hypoferraemla and leucocytosis are observed but w ith 
minimal hormonal changes. The combination of the three hormones and 
etiocholanolone results in a picture which closely resembles that of human 
sepsis. Revhaug et al. went on to show that the single stimulus of endotoxin 
activates both arms of this response (Bessey et al., 1984: Watters et al., 
1985,1986: Revhaug et al.1988).

Whatever the relative merits of these terms -  "neuro-endocrine", 
"inflammatory", "acute-phase", the constellation of changes remains. In 
order to understand them it  is necessary to consider the immune system in 
some detail.

1.1.2 The Immune System. The immune system has two components, the 
innate and the acquired. Each w ill be brie fly summarised.

Innate immunity is non-specific and is made up of several elements: the 
mechanical barriers of skin and mucosa: phagocytosis by polymorphonuclear 
and mononuclear phagocytes: the complement enzyme system which 
facilita tes adherence of organisms to the cell surface, activates phagocytes
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and triggers the release of mediators from mast cells and basophils: 
lysozyme, an enzyme which splits the peptidoglycan wall of certain 
bacteria: acute-phase proteins (CRP, 5AA, alpha-1 anti-trypsin, alpha-2 
rnacroglobulin, caeruloplasmin) and natural k ille r cells. When elements of 
this system are activated by foreign agents the "acute inflammatory 
response" occurs. Complement binds the invading organisms. Products from 
the complement cascade cause mast cells and basophils to release 
histamine, heparin, platelet activating factor, chemotactic factors, 
leukotrienes, prostaglandins and thromboxanes. The coagulation cascade may 
also be activated. These factors in turn attract neutrophils, cause local 
vasodilatation and increased capillary permeability. The delivery of blood 
borne host agents to the site of infection is thus facilitated. Neutrophils 
eventually reach the invading organisms and, under certain conditions, 
phagocytosis occurs. This response accounts for the features of redness, 
increased warmth and oedema which occur at the site of local infection.

Acquired immunity shows specificity, memory and an ability to recognise 
non-self. There are two components; humoral and cell-mediated. Aside from 
their own functions these two forms of immunity greatly enhance the 
effectiveness of the innate system described above. When B lymphocytes are 
stimulated by foreign antigen they produce antibodies which circulate in the 
body fluids; these bind the antigen, thereby neutralising toxins and 
facilita ting phagocytosis: complement is also activated via the classical 
pathway. This humoral immunity is much enhanced by macrophages which 
concentrate the foreign antigen on their surface before presentation to 
lymphocytes.

Cell-mediated immunity is a broad term, the essential element of which is 
that protection is afforded by T-lymphocytes against intracellular 
organisms. The antigens are once again presented to T-cells by the 
macrophage. The T-cells then form several sub-populations, including T- 
memory cells, T-cytolytic cells and T-helper cells which release soluble 
factors known as lymphokines (to be discussed below). Macrophages, having 
in itia lly  been involved in antigen presentation, are drawn to and 
immobilised at the site of inflammation in large numbers. They may then 
contribute not only to the formation and perpetuation of chronic 
granulomatous inflammation but also to the acute inflammatory process 
itse lf (Cohn, 1983. Roitt, 1988).

1.1.3 Cell-derived Non-antibody Soluble Mediators; Lymphokines, 
Monokines and Cytokines. Much of early immunological research focused 
upon specific responses and interactions between antigen and antibody. More
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recently, attention shifted to the interactions between different cell 
populations of the immune system and to the non-antibody substances by 
which these interactions are mediated. Early work on the host response in 
infectious and inflammatory diseases demonstrated that certain 
components of the acute-phase response could be induced in normal animals 
by the passive transfer of sterile plasma from infected animals. More 
specifically, the responses could be induced when soluble protein-like 
products of activated phagocytic cells were injected into experimental 
animals or humans. Such products were most frequently obtained from cells 
of a sterile peritoneal exudate which had been obtained from rabbits after 
the intraperitoneal injection of saline (Menkin, 1943: Bennett and Beeson, 
1953). The predominant cell type In this exudate was the polymorph; this 
was assumed to be the cell of origin and the substance was therefore given 
the name "granulocyte pyrogen" (GP). A sim ilar substance was later found in 
the blood of rabbits which had developed fever after injection of bacteria or 
endotoxin (Menkin, 1955); this was called endogenous pyrogen (EP). By 1960 
it  appeared that EP and GP were probably one and the same. Furthermore, 
this or these substances were probably responsible for the fever evoked by 
most exogenous pyrogens (Atkins, 1960). As the result of a second line of 
research, also in the 60's, the term "leucocyte endogenous mediator" (LEM) 
was introduced to describe another host phagocyte product. This substance 
caused fa lls in serum zinc and serum iron, a granulocytosis and induced the 
synthesis of fibrinogen, haptoglobin, caeruloplasmin, CRP and several 
macroglobulins (Kampschmldt, 1981). Interestingly, LEM and EP could not be 
separated by chromatographic techniques at the time and later work using 
highly purified preparations of EP and LEM Indicated that these two 
substances were likely to be sim ilar i f  not identical (Dinarello, 1984). The 
original belief that these pyrogens were produced by granulocytes was 
discredited; rabbit neutrophils exposed to staphylococci failed to secrete EP 
(Hanson et al., 1980) and human neutrophils also failed to produce EP 
(Dinarello et al., 1982(ii)). In contrast, monocytes, alveolar macrophages, 
Kupffer cells and peritoneal macrophages were found to produce large 
amounts of EP. It seemed probable that the early preparations of 
granulocytes had contained small numbers of contaminating macrophages. 
The macrophage is now considered the main source of endogenous pyrogen 
(Dinarello, 1984).

An independent line of enquiry into the cellular basis for delayed-type (or 
cell-mediated) hypersensitivity, also in the early 60's, had led to the 
discovery that cell-free soluble factors, released in v itro  into the culture 
supernatants of sensitised lymphocytes after reaction w ith antigen, were
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capable of producing skin lesions sim ilar to those seen in delayed type 
hypersensitivity (Bennett and Bloom, 1968). These factors were also found 
to be mitogenic for lymphocytes (Kasakura and Lowenstein, 1970) and could 
inhibit macrophage migration ((Bloom and Bennett, 1966). The la tter factor, 
named migration inhibition factor (MIF) was partially purified in 1968 by 
Bennett and Bloom. In 1969 Dumonde et al., w ith these observations in mind, 
suggested that the term ’'lymphokine" be used to refer to "cell-free soluble
factors generated during interaction of sensitized lymphocytes w ith
specific antigen but which are expressed without reference to 
immunological specificity". Within 10 years a lis t of more than 100 possible 
lymphokines had been drawn up and lymphokine activ ities had been reported 
both in /w/?-specifically activated lymphocyte supernatants and in non
lymphoid cell culture lines (Waksman, 1979).

The discovery that soluble factors could be produced and secreted not only 
by lymphocytes but also by non-lymphoid cells led to the coining of two new 
terms. The macrophage, or mononuclear phagocyte, had traditionally been 
seen as a cell of phagocytosis and digestion (Langevoort et al., 1970). 
Research had centered on its  functions of clearance, digestion and 
detoxification in relation to various endogenous and exogenous substances, 
including microbial agents and their products (Altura, 1980, Saba, 1970). 
By 1976 however it  had become clear that macrophages and monocytes were 
capable of producing soluble mediators. Wood et al. (1976) coined the term 
"monokines" to refer to such products. Approximately 50 different 
macrophage secretory products have since been identified, the most notable 
of these being complement components, coagulation factors, proteinases, 
lysozyme, alpha-2 macroglobulin (a wide-spectrum protease inhibitor), 
interleukin-1, reactive oxygen metabolites, arachidonic acid derivatives and 
TNF. Thus, this cell is capable of influencing inflammation, tissue repair, 
lipoprotein metabolism, immunoregulation and defence against bacteria, 
viruses and tumours (Cohn, 1983: Takemura et al., 1984). In 1974 Cohen et 
al. suggested that the word "cytokine" be used to include all soluble 
mediator substances produced by lymphoid and non lymphoid cells that are 
characterised by their ability to cause the same effects on target cells as 
classical lymphokines. In their view, lymphokines formed a subset of 
cytokines, made by one particular cell type, activated in one particular way.

A further aspect of terminology worth mentioning here is that individual 
lymphokine activ ities were usually given bioassay-based names. As the 
number of such activities increased, so the need for more useful 
terminology arose. For example, in 1979, in view of the many physical 
s im ilarities of GP, EP, LEM, and other immunoregulatory mediators
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(leucocyte-activating factor, B cell-activating factor, thymocyte 
proliferation factor, helper-peak-1), Aarden et al. (1979) proposed that the 
term "Interleukin-1" be used to refer to these particular monokines. This 
served not only to strengthen the hypothesis that the mediators were 
sim ilar if  not identical, but also allowed them to be differentiated from 
other immunoregulatory molecules such as IL-2 (Dinarello, 1984).

In the 60's and early 70's these concepts of cell-derived soluble mediators 
were treated w ith scepticism. Only recently, w ith improvements in 
biochemical analysis and the advent of recombinant DNA technology have the 
concepts been universally accepted. We now know that lymphocytes, 
polymorphonuclear neutrophils and mononuclear cells all produce soluble 
factors. The words "lymphokine", "monokine" and "cytokine" have their 
origins as described above, though their current usage often differs and is 
less precise. Lymphokines were originally seen as the in v itro correlates of 
cell-mediated hypersensitivity; i t  is now clear that they and other 
cytokines have a far wider spectrum of activ ity (Cohen et al., 1979).

1.2 GRAM-NEGATIVE SEPSIS and ENDOTOXAEMIA. In 1967 Altemeier 
reported a study of 398 cases of Gram-negative sepsis. Approximately 60% 
of cases occured in the firs t, seventh and eighth decades of life. The overall 
m ortality was 52% and those patients In ’shock' had an even worse 
prognosis. A more recent study by Young (1982) showed that of 45,205 cases 
of bacteraemia reported to the Communicable Disease Surveillance Centre 
the groups most frequently affected were once again the newborn and those 
65 years and over. Escherichia Coli was the most commonly isolated Gram- 
negative organism in both studies. An average incidence of 3 -  13 cases of 
Gram-negative bacteraemia per 1,000 hospital admissions has been reported 
(Dunn, 1987). Bacteraemia, particularly that due to Gram-negative 
organisms, appears to be on the increase, both in the United Kingdom and in 
the United States (Percival, 1980).

Severe Gram-negative sepsis may lead on to 'shock', the adult respiratory 
distress syndrome (ARDS), multiple system organ failure (MSOF) and death. 
It is now appreciated that these grave symptom complexes are not peculiar 
to Gram-negative sepsis but may occur after other infections, severe 
trauma, burn injury or severe perfusion deficits (Cerra, 1987).

The features of Gram-negative sepsis can be reproduced in animals by the 
infusion of live bacteria. This is an experimental setting which has often 
been used in the field of sepsis research; however, it  is acknowledged that, 
using live organisms, a reproducible standardised animal preparation is hard
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to achieve. For this reason, many workers have injected or infused endotoxin 
rather than live bacteria. This also reproduces the vast majority of changes 
which are known to occur in Gram-negative sepsis, though d ifficu lties  in 
assaying circulating endotoxin have prevented a clear understanding of the 
relationship between Gram-negative sepsis and endotoxaemia. Nevertheless 
there has been a willingness to carry out such studies and a willingness to 
accept the relevance of their findings to Gram-negative sepsis. This 
testifies to a widely held belief that the effects of Gram-negative bacteria 
are largely caused by the endotoxin contained w ithin their cell walls (Elin 
and Wolff, 1976: Dunn, 1987). Our understanding of the septic process is 
heavily dependent upon such animal studies. For these reasons this thesis 
concentrates upon the effects of endotoxin and the extent to which TNF may 
be involved in such effects. The relationship between sepsis and 
endotoxaemia is a very important but separate issue which is not addressed 
here in any depth. Nevertheless, in the following section on endotoxin, it  
would be a rtific ia l to omit all consideration of what may occur in 
bacteraemia or sepsis and observations relating to the la tte r states have 
therefore been included where they seem helpful. This thesis also examines 
the effects of prostaglandin inhibition on TNF's actions; for this reason the 
effects of such inhibition in endotoxaemia have also been included where 
appropriate.

L3..ENDQIQXIN

Endotoxins are substances found within the cell walls of Gram-negative 
bacteria (Morrison and Ulevitch, 1978: Luderitz et al., 1982). The name 
serves to distinguish them from those toxic substances synthesised and 
excreted by live bacteria, termed "exotoxins". It is a widely held belief that 
many of the deleterious effects which occur in Gram-negative sepsis are 
due to these endotoxins, though our understanding of how this might be so, 
at a molecular level, Is far from complete.

1.3.1 Chemical Composition. Endotoxins consist of a hydrophilic 
heteropolysaccharide component and a covalently linked hydrophobic lipid 
portion, sometimes known as lipid A. They are therefore llpopolysaccharides 
(LPS). The polysaccharide component has two subunits; the O-specific chain, 
which is a polymer of identical oligosaccharide molecules, and the core, 
which consists of branched oligosaccharides. The lipid portion consists of a 
phosphorylated glucosamine disaccharide backbone to which long-chaln
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fa tty  acids are bound. The O-specific chain shows great variability, the core 
rather less and the lipid portion least. The toxic moiety is thought to be the 
hydrophobic lip id-A fragment (though other fragments also have effects, 
Lang et al., 1985). In life  this is hidden w ithin the bacterial cell wall. When 
the bacterium dies the cell wall disrupts and this fragment is exposed.

1.3.2 Assay. Until 1968 assays for endotoxin depended upon in vivo 
demonstration of fever and dermal necrosis in rabbits or death in 
adrenalectomised mice or chick embryos. A more reliable method was then 
introduced by Levin and Bang (1968); this involved the in v itro  addition of 
endotoxin to circulating blood cells of the Limulus crab. Although this 
detects quantities of endotoxin of the order of pg./ml. the problem has 
always remained that endotoxin activ ity is not a uniform gravimetric 
property. The comparison of different endotoxins is therefore unlikely to be 
meaningful (Wolff et al., 1965(i), (ii): Yin et al., 1972). Partly for this 
reason, and also because of other variables, this assay has never become 
established as a satisfactory measure of circulating endotoxin in the human 
clinical setting.

1.3.3 D istribu tion and Interaction w ith  the Host. When Gram- 
negative bacteria die their cell wall disrupts and endotoxin is released. 
Depending upon the location of the bacterium at the time of death, endotoxin 
is released into the tissues or into the blood stream. Having been released 
into the circulation endotoxin may be carried by high density lipoproteins 
(HDL) (Ulevitch et al., 1979: Luderitz et al., 1982). Circulating endotoxin is 
deposited in highest amounts in the liver and spleen. This provides ample 
opportunity for interaction w ith resident macrophages of the 
reticuloendothelial system, presumably leading to the release of numerous 
mediators (Saba et al., 1970). It has been known for some time that animals 
exposed to agents which cause hyperplasia of the reticuloendothelial 
system show increased sensitivity to endotoxin in vivo (Suter et al., 1958) 
and macrophages taken from such hosts show increased activation in vitro 
(Vogel et al., 1980). These observations support the view that macrophages 
are of key importance in mediating endotoxin's effects.

1.3.4 E ffects of Endotoxin and the ir Mediation. The following section 
reviews present knowledge of the effects of intravenous endotoxin and their 
mediation, both in vivo and in vitro. The experimental studies of this thesis 
have examined the effects of TNF upon a wide variety of parameters; the 
areas of haemodynamics, carbohydrate and protein metabolism have been
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studied in greater depth than some other areas. For this reason the 
following text has a sim ilar balance of emphasis.

Table 1 summarises the more important substances known to be activated 
or released by endotoxin,

MEDIATOR RELEASE/ACTIVATION 
in vivo in vitro

BIOLOGICAL EFFECT

Complement factors V 4 opsonisation, phagocyte activation & 
mast cell degranulation, release of 
heparin, histamine, platelet 
activating factor, prostaglandins, 
leukotrienes, chemotactins. This leads 
to neutrophil chemotaxis,vasodilatation 
& increased capillary permeability.

Platelet factor 3 4 4 coagulation/?DIC.
Factor XII activation 4 4 coagulation/?DIC 

kallikrein activation 
bradykinin formation 
plasminogen activation

Tissue factor 4 4 coagu!ation/?DIC
Plasminoqen 4 4 plasminoqen induction
ll- t 4 4 fever

lymphocyte activation 
T-cell proliferation 
falls in serum zinc, iron, 
induction of acute-phase proteins 
hypotension, fall in systemic vascular 
resistance

P6E2 4 4 vasodilatation/constriction
PGI2 4 4 vasodilatation 

platelet anti-aggregation
TXA2 4 4 vasoconstriction 

platelet aqqreqation
Granulocyte releasing factor 4 granulocytosis
Colony-stimulating factor 4 granulopoiesis
ACTH release 4 cortisol release
Growth hormone release 4 growth hormone effects
MILA 4 4 macrophage-released insulin-like 

activity
TNF 4 4 (see below)
Table 1; mediators activated or released by endotoxin.

(a) Symptoms. Human volunteers receiving endotoxin intravenously 
typically experience Influenza like symptoms which do not begin until 
almost an hour after the endotoxin has been administered (Michie et al., 
1988).

(b) Haemodynamic Effects;

Humans. The function of the cardiovascular system, in health and disease, 
is to transport gases, nutrients, substrates and waste products. During
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sepsis this system is perturbed in a complex, poorly understood way and 
inability of the system to deliver sufficient oxygen may be a fundamental 
determinant of outcome.

For ethical reasons, experimental human endotoxaemia and bacteraemia 
have rarely been studied. In particular, dose levels have been chosen so as to 
avoid significant hypotension. In 1963 Moser gave endotoxin to humans and 
demonstrated a 27% increase in cardiac output, a 14% fa ll in brachial artery 
pressure and a tachycardia. Calculated systemic resistance fe ll 31% below 
control levels, there was a significant rise in pulmonary artery pressure 
w ith a non-significant rise in pulmonary vascular resistance w hilst wedge 
pressures did not change significantly.

The basic haemodynamic disorder of sepsis appears to be a reduced 
systemic vascular resistance. In response, cardiac index increases (Wilson 
et al, 1965; Siegel, 1983). The ability of an individual to mount and sustain 
this la tter response is considered a major determinant of outcome (Weil and 
Nishijima, 1978). Using a computerised technique of pattern recognition 
Siegel (1983) developed a classification system for septic (and non-septic) 
patients. In this system a septic patient showing a satisfactory adaptive 
increase in cardiac output would fa ll into state A, the normal stress 
response state for compensated sepsis. Heart rate, cardiac index and oxygen 
consumption would all be raised. This is what other people have called, 
variously, 'high output state’, 'high flow state', 'hyperdynamic circulation', 
'hyperdynamic state' or simply 'compensated sepsis'. The cardiovascular 
system is s t il l hyperdynamic in state B but, in relation to peripheral needs, 
is inadequate. Metabolic acidosis w ith compensatory respiratory alkalosis 
is said to be a feature. In state C there are superimposed respiratory 
disorders whilst in state D there is frank myocardial failure with 
compensatory widening of the AV oxygen gradient. Patients in state A or B 
have cardiac indices approaching 8 L/min w ith a low total peripheral 
resistance (Siegel, 1983). Patients unable to sustain such an increase are 
classified under state D and have a poor prognosis. The latter is analagous 
to what has loosely been called 'low output sepsis', ’low output state', 'low 
flow sepsis', 'hypodynamic sepsis’ and, if  suffic iently severe, 'shock'. Low 
output states can occur at any stage of a septic process including the 
outset, the main causes being myocardial failure and, or, inadequate fluid 
loading. When patients in low output states develop multiple system organ 
failure (M50F) the systemic vascular resistance shows an even greater fa ll 
w h ils t cardiac output remains unchanged or fa lls  itse lf (Cerra, 1987). With 
regard to the pulmonary circuit, severe septic states and ARDS are 
characterised by pulmonary hypertension and increased vascular
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permeability, effects which are thought to be prostaglandin mediated 
(Demllng et al., 1986).

Animals

( i)  Systemic. When dogs are given an intravenous bolus of endotoxin they 
demonstrate a two-phase response. The f irs t  begins almost immeadiately 
and lasts for 10-30 minutes. It is characterised by a precipitous fa ll in 
mean arterial pressure (Gilbert, 1960). A fter 15 minutes or so the pressure 
recovers, sometimes reaching pre-endotoxin levels. The early fa ll is largely 
attributable to a reduced cardiac output, secondary to reduced venous 
return; venous return is reduced because of transitory pooling in the 
splanchnic circuit. When cardiac fillin g  is maintained a rtif ic ia lly  there is 
no fa ll in cardiac output or arterial pressure though pooling s t il l occurs 
(Weil et al., 1956: MacLean et al.,1956(D). In the second phase systemic 
pressure gradually fa lls  for a second time, frequently resulting in death. 
This late response is poorly understood but there appears to be a failure in 
the maintenance of systemic vascular resistance (5VR) and a secondary 
decline in cardiac output.

SVR is inappropriately low for the prevailing arterial pressure (Jacobs et 
al., 1982: D'Orio et al., 1987: Hinshaw et al., 1970: Bond, 1983). The 
interpretation of this calculated index must however be cautious; it  has 
been pointed out by Green et al. (1944) that if  intra-vascular pressure falls, 
other things being equal, the calculated SVR w ill rise because vessel calibre 
decreases. Hinshaw et al. (1958) circumvented this d ifficu lty  by 
administering endotoxin to dogs whilst keeping cardiac inflow constant. He 
observed a significant fa ll in systemic pressure. Cardiac output was 
constant so the SVR must have fallen. Since circulating catecholamines are 
generally increased in endotoxaemia (Vick, 1964) the abnormally low SVR 
may be due to a refractoriness of vascular smooth muscle or to the presence 
of opposing vasodilators. Regional autoregulatory processes may also be 
involved.

Cardiac output frequently shows a gradual decline. Circulating 
cardiodepressants may be responsible (Goldfarb, 1982) but right atrial 
pressure remains low and when a fluid load is provided the output increases 
and may exceed normal (Ebert et al., 1955: Freedberg and Altschule, 1945; 
Carroll and Snyder,1982). Inadequate venous return therefore appears to be 
more important than intrinsic myocardial depression. Venous return may 
fa ll either because of increasing venous capacity (Brockman et al., 1967) or 
because of extravascular pooling. There are several indications that such
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pooling does occur. Conjunctival oedema, lung oedema and oedema of small 
and large bowel have all been reported (MacLean, 1956(H)). A rise in 
haematocrit is also usual (MacLean et al., 1956(D) though this is not a 
reliable index of haemoconcentration in non-splenectomised dogs (Morris et 
al., 1979). Techniques using labelled albumin have shown that dogs 
experience a mean plasma loss of 20 mls./kg. w ithin 3 hours of receiving 
endotoxin (Hilton et a l, 1976).

In summary, animal studies indicate that endotoxin causes systemic 
resistance and cardiac output to fall. The la tter is due to inadequate venous 
return, possibly exacerbated by intrinsic myocardial depression. Venous 
return fa lls  because of an increase in vascular capacity and extravasation of 
fluid. These findings are in accord w ith our knowledge of clinical sepsis.

( i i )  Pulmonary. Endotoxin usually causes a rise in mean pulmonary artery 
presssure in the dog though there is sometimes no change and sometimes a 
fa ll (Brockman, 1967: Jacobs et al., 1982: D'Orio et al., 1987). Pulmonary 
changes have been most fu lly  studied in the sheep and endotoxin induced 
lung injury in this animal is an accepted model for the pulmonary 
disturbances of human sepsis (Brigham et al.,1974). In a sheep model of 
chronic/recurrent endotoxaemia Demllng (1986) has demonstrated that each 
administration of endotoxin is followed by an acute rise in pulmonary artery 
pressure and pulmonary vascular resistance. This is followed, several hours 
later, by an increase in the protein-rich lung lymph flow which is 
associated w ith endothelial damage and an Increased vascular permeability 
(Brigham et al., 1979: Heideman et al., 1979). The degree of pulmonary 
hypertension correlates well w ith lung lymph levels of TXB2, a metabolite 
of the potent vasoconstrictor, TXA2 (Demllng et al., 1981).

Mediation of Haemodynamic Effects. As Gilbert suggested in 1960 the 
haemodynamic effects of endotoxin are probably due to the release of other 
mediators. Many vasoactive agents have been implicated though their 
relative importance remains unclear. Included are, histamine (Vick et al., 
1971), angiotensin, the catecholamines (Hall and Hodge, 1971) serotonin 
(Davis et al., 1961), vasoactive intestinal peptide (Revhaug, 1985) and 
bradykinin. Endotoxin can also influence cardiovascular centres directly 
(Dobbins et al., 1977) and activates complement by the classic and 
alternative pathways (without requiring antibody). In 1962 Northover and 
Subramanian observed that certain analgesic-antipyretic drugs prevented 
the hypotensive effects of endotoxin. This stimulated several lines of 
research which, taken together, strongly suggest a role for the
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prostaglandins. There Is insufficient space to consider all of the above 
mediators. However, the second part of this thesis does examine the effect 
of prostaglandin inhibition on TNF's effects and the evidence for 
prostaglandin involvement w ill therefore be reviewed.

Firstly, blood and lymph levels of various arachidonic acid metabolites are 
raised in endotoxaemia. Endotoxin treated dogs have raised plasma levels of 
prostacyclin (PGI2 ), thromboxane A2 (TXA2 ), PGE1 and PGF2-alpha (Fletcher 
et al., 1976: Bult et al., 1980: Harris et al, 1980: Cook et al, 1980). Sheep 
receiving endotoxin have increased lung lymph concentrations of 6-keto 
PGFi, TXB2 and PGF2 (Demling et al, 1982). In vitro, endotoxins have been 
shown to cause the release of PGE (Kurkland and Bockman, 1978), PGI2 and 
TXA2 from macrophages (Cook et al, 1981).

Secondly, exogenously administered prostanoids have a variety of 
haemodynamic effects. Conway and Hatton (1975) demonstrated that PGE 1, 
PGE2, PGAi and PGA2 all have dilator effects upon resistance and 
capacitance vessels. In the pulmonary c ircu it PGF2-a1pha and PGE2 cause an 
increase in pulmonary vascular resistance w hilst PGE 1 causes dilatation 
(Kadowitz et a l, 1975). TXA2 is a potent vasoconstrictor in the pulmonary 
circuit.

Thirdly, endogenous prostaglandins are thought to be involved in the 
autoregulation of regional blood flow. In particular the renal, skeletal 
muscle and mesenteric vascular beds have intrinsic mechanisms for the 
modulation of delivered flow (Bond et a l, 1986). Autoregulation and its 
mediation by prostaglandins Is closely associated w ith the Hedqvist 
hypothesis (1970(1),(11)). This states that endogenous prostaglandins (in 
particular PGE2) control the release of nor-adrenaline during sympathetic 
activity, probably as part of a negative feedback circuit. Prostaglandins are 
presumed to act on prejunctional membranes, thereby inhibiting nor
adrenaline release (Bond et a l, 1981). Prostaglandin inhibitors would be 
expected to remove this negative feedback mechanism.

Finally, cyclooxygenase inhibitors prevent the synthesis of prostanoids 
and ameliorate the haemodynamic effects of endotoxin (Fletcher and 
Ramwell, 1977; Fletcher and Ramwell, 1978; Demling et al, 1981; Jacobs et 
a l, 1982). The most consistent finding has been an Improvement in mean 
arterial pressure w ith an increase in systemic resistance (Toth et al, 
1984). In some studies the early precipitous pressure fa ll is not affected 
w hilst in others it  is rendered less profound. The late decline in pressure is 
sometimes improved and sometimes abolished (Erdos et al, 1967: Hinshaw 
et al, 1967: Hall et al, 1972)). This may in part be due to an improved 
cardiac output (Hinshaw et al, 1967) but in other cases this is not a factor
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(Fletcher and Ramwell, 1978). With regard to the pulmonary circuit, i t  has 
been demonstrated in sheep that cyclooxygenase inhibition abolishes the 
pulmonary hypertension caused by endotoxin (Demling, 1982). Other aspects 
of prostaglandins are discussed in a later section.

(c) Respiratory Effects. Increased minute ventilation is a common 
feature of early human sepsis (Wardle, 1980). When Moser (1963) gave 
endotoxin to human volunteers he observed a 29% increase in minute 
ventilation. The pC02 tended to fa ll and pH to rise; anxiety may have 
contributed to these effects. Similar findings have been reported in 
anaesthetised monkeys receiving endotoxin (Guenter et al., 1969). This may 
be a response to increased temperature w ith in the brain or to pulmonary 
congestion and its  effects upon pulmonary reflexes (Freedberg and 
Altschule, 1945). An alternative explanation is suggested by the work of 
Simmons et al. (1968) who have shown that endotoxin stimulates 
respiration when injected into the lateral ventricle of anaesthetised dogs. 
Revhaug et al. (1988) have recently shown that the increase in respiratory 
rate occuring in human volunteers after endotoxin is abolished by Ibuprofen 
pretreatment, suggesting that this response is mediated via cyclooxygenase 
dependent pathways. However, Ibuprofen also prevented symptoms and a 
reduction in anxiety may have been responsible for this effect. The 
hyperventilation of sepsis has often been seen as a respiratory 
compensation for the metabolic acidosis which is so frequently present; 
this does not rule out the possibility that endotoxin may, in addition, be 
acting as a primary respiratory stimulant.

Septic states are characterised by serious pulmonary alterations which 
may culminate in ARDS and death. The main features of ARDS are pulmonary 
hypertension, decreased lung compliance, hypoxia and Increased capillary 
permeability leading to oedema. As discussed in the section on pulmonary 
haemodynamics, there is evidence from studies in endotoxaemic sheep that 
prostanoids mediate these effects (Brigham et al., 1974: Demling et al.,
1986).

(d) Renal Effects. In human sepsis urine output is sometimes high despite 
clinical hypovolaemia. This is known as the inappropriate polyuria of sepsis 
(Lucas et al., 1973). Renal blood flow in such patients is increased, as it  is 
in human volunteers following the administration of pyrogen (Bradley et al., 
1945). Endotoxin studies in dogs are generally misleading because of the 
severity of their systemic hypotension though Hinshaw et al. (1959) did 
demonstrate an increase in renal blood flow using constant pressure renal
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preparations. The flow increases seen in sepsis are accompanied by a 
decrease in glomerular filtra tio n  rate (Lucas et al., 1973). In canine 
bacterial sepsis the increase in flow is specific to the medullary and 
juxtmedullary regions (Cronenwett and Lindenauer, 1978). This, by 
diminishing the in te rs titia l concentration gradient, could account for the 
polyuria of sepsis and, by diverting blood away from the cortex, could 
explain the reduced filtra tio n  rate. The renal medulla continuously produces 
a renal vasodilator, PGE2, and increases such production when subject to 
vasoconstrictor influences. The activ ity of PGE2 is restricted to the 
medulla and juxtamedullary regions (McGiff et al., 1974). Cyclooxygenase 
inhibitors are known to increase the renal vasoconstrictor effects of 
pressor agents, diminish the concentration of prostaglandins in the renal 
venous effluent and abolish renal autoregulation in dogs (McGiff et al,
1974). In the setting of canine E. coli sepsis such agents impair renal 
function (Hulton et al., 1985(D). It is not known how bacteria or endotoxin 
alter renal flow but they may do so by influencing this prostaglandin 
dependent autoregulation.

(e) Metabolic, Acute-Phase and Haematological Effects. The
inherent haemodynamic instability of most endotoxaemic preparations has
been such as to frequently preclude a meaningful assessment of anything 
other than the most acute of metabolic changes. For this reason, this 
section depends more heavily than others upon information relating to 
bacteraemia and sepsis.

Metabolic Rate and Oxygen Consumption. In human sepsis and
endotoxaemia the resting energy expenditure increases as does oxygen
consumption (Cerra, 1987; Revhaug et al., 1988). The rate at which oxygen is 
consumed reflects the oxidative requirements of body tissues and may be 
lim ited either by delivery (Wolf et al., 1987) or by the ab ility of tissues to 
extract the delivered load (Cerra, 1987).

Oxygen consumption is increased in patients who fa ll into category A of 
Siegel's classification (1983). As the process progresses to MSOF there is 
no reason to suppose that tissue oxidative requirements are reduced yet 
oxygen consumption and arteriovenous oxygen difference decline. This 
suggests that severe sepsis is associated w ith an extraction failure (Cerra,
1987) or increased arteriovenous shunting. Reduced or inadequate VO2 may 
be a major determinant of outcome in all shock syndromes (Shoemaker
(1987).
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Acute-Phase, Haematological and Hormonal Changes. The in vivo 
effects of standard reference endotoxins have been studied in humans (Elin 
et al., 1981: Revhaug et al., 1988). Endotoxin, when injected intravenously, 
causes fever, increases in white blood cell count, absolute granulocyte 
count, absolute immature granulocyte count and a lymphopenia. Levels of 
ACTH, cortisol, growth hormone and catecholamines are markedly elevated. 
There are also rises in acute-phase proteins and a variety of coagulation 
abnormalities have been reported, including disseminated intravascular 
coagulation (DIC).

The rises in absolute white count and granulocyte count are preceeded by 
significant fa lls  in cell count. These fa lls  are probably due to an early 
increase in granulocyte marglnation (Wolff et al., 1965(1), ( ii)) whilst the 
eventual granulocytosis is probably due to the induction of a granulocyte- 
releasing factor (Boggs et al., 1968). Endotoxin injection is also known to 
induce a colony-stimulating factor which may regulate granulopoiesis 
(Queensberry et al., 1972).

The increase in body temperature is thought to be due to endotoxin causing 
the release of IL-1; on reaching the hypothalamus IL-1 stimulates synthesis 
of PGE2 (Dinarello and Bernheim, 1981) which in turn causes fever (Milton 
and Wendlandt, 1971). Serum iron consistently fa lls  after endotoxin 
administration (Kampschmidt and Schultz, 1961).

It is well recognised that the liver increases its  synthesis of a variety of 
proteins at the time of inflammation and also after the injection of 
endotoxin ((McAdam et al., 1978: Revhaug et al., 1988). These so called 
"acute-phase reactants" include fibrinogen, haptoglobin, caeruloplasmin, 
SAA, CRP and alpha-2 macroglobulin. It is thought that IL-1 Is responsible 
for stimulating the liver to produce such proteins, though other co-factors 
may also be required (Dinarello, 1984). The function of these proteins has 
never been clear; recent evidence suggests that they may be 
immunoregulatory (Benson et al., 1975).

The present view of haemostasis is based upon the amplifying cascade 
theory of coagulation (MacFarlane, 1964) but has been modified in two 
important ways. It is now appreciated that the membranes of platelets are 
involved, promoting formation of prothrombinase, an enzyme which leads to 
prothrombin activation (Tracy et al., 1981). The vascular endothelium was 
traditionally seen as a barrier between tissue factors (including "tissue 
factor" proper) and circulating factors of the clotting cascade. This is no 
longer the case. For example, heparin-like molecules have been localised to 
the endothelial surface and these mediate binding of anti thrombin 111 to the 
endothelium, enhancing its anticoagulant activ ity  (Stern et al., 1985(11)).
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Another molecule found at the endothelial cell surface is thrombomodulin, a 
cofactor for activation of the protein C coagulation pathway (Esmon et al.,
1982). The endothelium also elaborates plasminogen activators (which lyse 
clots), and prostacyclin (which decreases platelet activity). Indeed, it  has 
been suggested by Stern et al. (1984: 1985(D) that a complete coagulation 
pathway exists at the endothelial cell surface. Endotoxaemia, which can 
cause DIC, is thought to interact w ith the coagulation system in at least 
three ways. Firstly, the interaction w ith platelets, in v itro  and in vivo, 
leads to liberation of platelet factor 3, a thromboplastin precursor which in 
the presence of other factors can lead to clotting (Horowitz et al., 1962). 
Secondly, endotoxin activates the in trinsic coagulation cascade directly via 
factor XII (Morrison et al., 1974). Factor XII can in turn activate plasma pre- 
kallikrein to form kallikrein which in turn generates bradykinin and 
activates plasminogen. Thirdly, incubation of vascular endothelial cells 
w ith endotoxin leads to the induction of tissue factor activity. This factor 
is thought to play a central role In fibrlnopeptlde generation (Stern et al., 
1984, 1985(D). Thrombocytopenia has often been recorded after high doses 
of endotoxin (Sheagren et al., 1967). This is in accord w ith in vitro 
observations that endotoxin causes platelet aggregation (followed by 
degranulation) (McKay et al., 1966).

Endotoxin acts on the hypothalamo-pituitary axis, causing the release of 
ACTH and growth hormone (Kohler et al., 1967). This action may be mediated 
by prostasglandins (Revhaug et al., 1988). In the study by Revhaug et al.
(1988) it  was demonstrated that when endotoxin was preceeded by 
Ibuprofen the fever and rises in ACTH and catecholamines were prevented 
w hilst the cortisol response was only attenuated. Ibuprofen appears not to 
affect the other acute-phase changes, a finding which has also been 
reported in dogs (Hulton et al, 1985(D).

Carbohydrate Metabolism. Septic states are characterised by increased 
production and utilisation of glucose. It is likely that this additional 
glucose is used, at least in part, by inflammatory and reparative tissues 
(Wilmore, 1983). The blood glucose concentration is usually elevated but in 
severe cases there may be a fa ll (Yeung, 1970: Holtzman et al., 1974: 
Hinshaw, 1976; Berk et al., 1970). In animal models of sepsis or 
endotoxaemia the rate of glucose production has sim ilarly been shown to 
increase (Wolfe et al., 1977) yet hypoglycaemia is the more common 
accompaniment to this change (Berry, 1971: Filkins and Cornell, 1974: 
Hinshaw et al., 1975). The fact that such an imbalance between production 
and utilisation is so frequently seen in animal endotoxaemia may be due to
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the relative inertia of metabolic homeostatic mechanisms when faced with 
the severe and sudden insults which are common to such animal 
preparations. Glucose production and utilisation w ill be addressed 
separately.

(i) Production. Glucose can be produced by glycogenolysis or 
gluconeogenesis. Glycogenolysis provides only a small amount of glucose and 
this depends on the state of liver glycogen stores. Rapid depletion of hepatic 
glycogen is probably responsible for the hyperglycaemia which preceedes 
hypoglycaemia in endotoxaemic animals (Berry, 1971). A continuing supply 
of glucose can only be provided by gluconeogenesis, the enzymes for which 
exist only in liver and kidney. The liver is the main site though the kidney 
may assume importance in disease states (Owen et al., 1969).

Gluconeogenesis is increased in human sepsis and animal endotoxaemia 
(Wolfe et al., 1977). By studying substrate flux across the splanchnic bed 
Wilmore et al. (1980) demonstrated Increased glucose production in burn 
injured patients when compared w ith normals. This was associated w ith 
increased splanchnic uptake of lactate, pyruvate and certain amino acids. 
Burn patients w ith superimposed infection had even greater rates of glucose 
production, this being associated w ith an even greater splanchnic amino 
acid uptake. Similar findings have been reported w ith isotopic tracer 
studies (Shaw et al., 1985: Lang et al., 1987). Increased gluconeogenesis is 
accompanied by an increase in the conversion of alanine to glucose (Long et 
al., 1976: Shaw et al., 1985): also, an increased peripheral generation of 
pyruvate and lactate, both of which return to the liver as gluconeogenic 
substrates (Wilmore et al., 1980). This increase in Cori cycling may explain 
why the overall glucose oxidation rate is sometimes lower than expected 
(Stoner et al., 1983).

In severe sepsis gluconeogenesis may fail. Wilmore et al. (1980) studied a 
group of patients who in addition to being burned and bacteraemic had some 
further complication; surprisingly, net hepatic glucose release was 
comparable to that seen in normal postabsorptive controls and net hepatic 
uptake of amino-acids was less than that seen in uncomplicated burn 
patients. Such apparently inadequate gluconeogenesis in severe sepsis could 
be explained by an inappropriate hormonal milieu, a shortage of 
gluconeogenic substrates or some intrinsic hepatic malfunction. The 
hormonal milieu is one of raised cortisol, glucagon and catecholamines w ith 
resistance to the actions of insulin; this would be expected to favour 
gluconeogenesis (Wilmore, 1983: Bessey et al., 1984). Substrate delivery is 
probably adequate in early sepsis but as the the disease progresses it  may
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become deficient, thereby lim iting any further increase in gluconeogenesis. 
Substrate delivery depends upon blood flow and substrate concentration. 
Measurements of hepatic blood flow are d ifficu lt in septic humans but 
splanchnic flow is known to be increased (Wilmore et al., 1980). 
Concentrations of alanine, the most important gluconeogenic precursor, are 
usually raised in animal endotoxaemia (Wolfe et al., 1977: Kuttner and 
Spitzer, 1978) but not always in human sepsis (Wilmore et al., 1980). In 
severely septic patients Wilmore et al. (1980) have shown that the delivery, 
extraction and uptake of alanine are all reduced. Elevations in blood lactate 
and pyruvate have been described in infected burn patients (Wilmore et al., 
1980) and in animal endotoxaemia (Hand et al., 1983). With regard to 
intrinsic hepatic defects, Filkins and Cornell (1974) have shown that 
hepatocytes taken from rats which had been starved and then given 
endotoxin show depressed gluconeogenesis compared to that seen in normal 
starved rats. Endotoxin could influence gluconeogenesis either by altering 
hepatic enzymes or by Interfering w ith mitochondrial function. There is 
evidence for both. Endotoxin inhibits induction of phospho-enol pyruvate 
carboxykinase (PEPCK) and glucose-6-phosphatase (G6P), both enzymes of 
key importance to gluconeogenesis (Rippe and Berry, 1972: Williamson et al., 
1970). With regard to mitochondria, there are reports both of altered 
structural integrity and defective respiratory processes (DePalma et al., 
1970: Mela et al., 1971: White et al., 1973).

In summary, mild and moderate sepsis are associated w ith increased 
gluconeogenesis. In severe sepsis the rate of glucose production may be 
paradoxically normal; hormonal drive appears to be adequate but there may 
be constraints upon the hepatic response, either intrinsic or extrinsic to the 
liver.

( ii)  Utilisation. In animal endotoxaemia (Wolfe et al., 1977) the rate of 
glucose utilisation is Increased, (though not necessarily its  rate of 
oxidation) (Stoner et al., 1983). in the setting of trauma Wilmore et al. 
(1977) have shown that glucose flux across uninjured extremities Is low 
whilst that across an injured extremity is increased, suggesting that wound 
tissue is using glucose. In sepsis there are several tissues, including wound 
tissue, which could account for increased use. Firstly, those tissues which 
do not normally depend upon insulin for their uptake of glucose; white cells, 
red cells, central nervous tissues, the renal medulla and wound tissue. With 
the exception of wound tissue there is l i t t le  evidence that these become 
important users of glucose. Raymond and Emerson (1978) have shown that 
when anaesthetised dogs are given endotoxin the brain’s uptake of glucose
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decreases. Hinshaw et al. (1977) demonstrated an increase in glucose uptake 
by white cells but the mass of white cells is relatively small. The kidney 
consumes more glucose than normal in septic states but again this could not 
account for the total increase (Wilmore et al., 1980). Wound tissue is a 
mass of inflammatory cells which are well suited to anaerobic metabolism 
and it  does act as a glucose 'sink' (Wilmore et al., 1977); however a discrete 
wound is not always present. Secondly, there are tissues in which the 
uptake of glucose is largely mediated by Insulin and, in terms of bulk, 
skeletal muscle is the most important of these. Although insulin levels may 
be raised in early sepsis in most animal models (Hinshaw et al., 1975: Cryer 
et al., 1971) and in septic humans (Clowes et al., 1974) they are 
inappropriately low for the prevailing blood glucose. Furthermore, there is 
’insulin resistance'; a normal concentration of insulin produces a less than 
normal biological response (Gump et al, 1974: Ryan et al., 1974: Raymond et 
al., 1981(1), (ii)). Insulin dependent tissues are therefore unlikely to be 
important users of glucose in sepsis. However, this is not borne out by 
Romanosky et al. (1980) who have demonstrated a considerable increase in 
hind limb muscle glucose uptake after endotoxin (Romanosky et al., 1980). 
This was not due to tissue hypoxia (Romanosky et al, 1981). Similar 
findings have been reported In the Isolated canine gracilis preparation 
(Raymond et al, 1981(1), ( ii))  and in v itro  in muscle taken from 
endotoxaemic animals (Filkins and Buchanan, 1977: Bagby et al, 1986). 
These observations led to the hypothesis that there was some other ’insulin 
like' factor present in septic states. Filkins (1982) described a 'non- 
suppressible insulin like activ ity ' (NSILA) in a rat model and suggested that 
there was a macrophage-derived factor which acted like insulin - 
'macrophage-released insulin-like activity' (MILA). Wolfe (1977) suggested 
that endotoxin might be this 'insulinomimic agent'.

In summary, glucose production and utilisation are increased in 
endotoxaemic and septic states. It is likely that endotoxin influences both 
production and utilisation though the mechanisms are poorly understood. 
Acute changes in blood glucose concentration signal that the balance 
between these two processes has been upset.

Fat Metabolism. Hypermetabollc states, such as occur in sepsis, are 
associated w ith respiratory quotients approaching 0.7, indicating that fa t is 
a major substrate for oxidation. In contrast to the response of normal 
controls, this fa t oxidation cannot be suppressed by the administration of 
exogenous glucose (Stoner et a l, 1983). Circulating triglyceride and free
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fa tty  acid concentrations are frequently elevated in human Gram-negative 
sepsis and animal endotoxaemia (Gallin et al., 1969: Hirsch et al., 1964). 
Unlike the starved state, mobilisation of fa tty  acids in sepsis does not 
result in ketogenesis (Watters et al., 1984). In fasting humans the 
administration of exogenous ketones suppresses gluconeogenesis and this 
observation led to an hypothesis that hypoketonaemia could be responsible 
for the increased gluconeognesis of sepsis. Attempts to suppress 
gluconeogenesis in septic sheep by ketone administration have not been 
successful (Radcliffe et al., 1983).

Protein Metabolism. In health skeletal muscle mass remains constant 
despite day to day variation in protein intake. Alanine and glutamine are key 
amino acids in the maintenance of this equilibrium. In post-absorptive man 
50% of the amino acid nitrogen released from skeletal muscle is accounted 
for by alanine and glutamine (Felig et al., 1970; Marliss et al., 1971). 
However these account for only 13% of muscle amino acids (Rudermann,
1975). The ability of muscle to synthesise the required amounts of alanine 
and glutamine has been explaned by the work of Chang and Goldberg (1978 
(i), (ii)). Alanine and glutamine also predominate in post-absorptive 
splanchnic uptake (Felig, 1975). Extrahepatic splanchnic tissues (mainly 
gut) release alanine w hilst consuming glutamine (Felig et al., 1973). Gut is 
the major user of glutamine, oxidising i t  to yield energy, alanine and 
ammonia (Windmueller, 1982). Ammonia passes in the portal blood to the 
liver where It is converted to urea and alanine is either metabolised, used 
for gluconeogenesis or protein synthesis. Glutamine is also consumed by the 
kidney where it  provides the nitrogen for ammoniagenesis (Souba and 
Wilmore, 1983). Ammonia passes into the urine and glutamate returns to 
muscle for reconversion to glutamine or for further metabolism to alanine 
(Goldberg and Chang, 1978(D).

In sepsis, unlike starvation, protein becomes an important oxidative fuel 
and as the septic process worsens, so protein becomes increasingly 
favoured (Cerra, 1987). Increased net proteolysis results In increased 
urinary nitrogen excretion, both in sepsis (Long et al, 1977) and injury 
(Cuthbertson, 1930). Amino acids are metabolised to provide energy (Duke et 
al., 1970; Long et al., 1977), are used for the synthesis of acute-phase 
proteins and provide carbon skeletons for gluconeogenesis (Powanda, 1977). 
They are drawn predominantly from skeletal muscle which contains the 
largest free amino acid pool (Rennie et al., 1986), the major constituent of 
which is glutamine (Bergstrom et al., 1974). Skeletal muscle breakdown is 
manifest clin ically as wasting and a decline in muscle strength
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(Cuthbertson, 1942) whilst at a cellular level the skeletal muscle 
intracellular glutamine concentration fa lls  (Askanazi et al., 1980 (1), (ii), 
Milewski et al., 1982). Circulating levels of total amino acid nitrogen fa ll, 
as do the concentrations of all amino acids except phenylalanine (Askanazi 
et al., 1980 (i), Wannermacher, 1977). Studies of regional substrate flux 
have added to our understanding of these processes. Aulick and Wilmore 
(1979) showed a three to four-fold increase in amino acid release in the 
hind limbs of burn injured patients when compared w ith controls. The 
combination of falling blood concentrations and increased peripheral release 
suggests that splanchnic uptake exceeds peripheral release. An increase in 
gastrointestinal glutamine uptake has in fact been demonstrated to occur 
after trauma (Souba and Wilmore, 1983).

Isotopic labelling techniques have allowed protein synthesis and 
degradation rates to be measured independently. In a study of four patients 
w ith multi-system injury Birkhahn et al. (1981) showed that both 
degradation and synthesis were increased, the former considerably more 
than the latter. Most reports of isotopic labelling techniques in 
endotoxaemia show that protein synthesis is maintained or decreased 
though some have reported an increase (Jepson M.M. et al., 1986). In vitro 
studies on muscle taken from rats previously given endotoxin show 
increased muscle protein degradation w ith no effect on synthesis. In 
contrast, the in v itro  incubation of endotoxin w ith normal muscle does not 
lead to an increase in protein degradation (Goldberg et al., 1984). This 
suggests that endotoxin depends upon endogenous mediators for Its effect.

The mechanism of net protein loss is not understood though several 
factors have been implicated. Firstly, protein metabolism is subject to the 
influence of hormones. Of these, insulin and the glucocorticoids are the 
most important though they cannot entirely account for the proteolytic 
changes of trauma and sepsis. In health insulin causes skeletal muscle to 
take up amino acids (Li and Jefferson, 1978) and euglycaemic 
hyperinsulinaemia attenuates the accelerated release of skeletal muscle 
amino acids that occurs in trauma (Brooks et al., 1986). Glucocorticoids 
fac ilita te  protein degradation (Wilmore, 1983), causing a marked efflux of 
glutamine from the skeletal muscle free amino acid pool (Muhlbacher et al., 
1984). Levels are often raised in severe trauma but there are injured 
patients excreting Increased amounts of nitrogen in their urine who do not 
have raised glucocorticoids (Vaughn et al., 1982; Wilmore, 1983). Glucagon 
is not thought to have significant peripheral effects and i t  is not known 
whether catecholamines are important determinants of proteolysis. 
Hormonal blockade does not attenuate the increased total body nitrogen loss
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that follows an operative stress though it  does diminish hind limb nitrogen 
efflux (Hulton, 1985(ii)).

Early reports suggested that IL-1, in vitro, caused an increase both in 
muscle protein degradation and P6E2 synthesis (Baracos et al.( 1983). The 
addition of indomethacin prevented both effects. There are now concerns 
that the partially purified monocyte supernatants used in these studies may 
have contained other products of activated macrophages (Moldawer et al., 
1987(D). Using recombinant IL-1 and TNF Moldawer et al. (1987(D) have 
since been unable to show any effects on protein synthesis or degradation. 
Of further relevance is the observation of Watters et al. (1986); when human 
volunteers received an injection of etiocholanolone they developed fever and 
raised plasma levels of IL-1 but there was no Increase in urinary nitrogen 
excretion.

Circulating levels of prostaglandins are increased in endotoxaemia and 
PGE2 is thought to play a role in skeletal muscle breakdown. Its action 
depends upon a stimulation of intracellular protease production (Rodemann 
and Goldberg, 1982: Baracos et al., 1983). Pressler et al. (1986) have shown 
in vivo that intra-arterial PGE2 increases protein degradation without 
affecting synthesis. Furthermore, rat skeletal muscle was stimulated to 
produce its  own PGE2. These findings are supported by the work of Rodemann 
(1982) who showed that the in v itro addition of arachidonic acid to skeletal 
muscle causes an increase in PGE2 and PGF2-alpha production together w ith 
an increase in protein degradation. The observation of Baracos et al. that 
indomethacin prevented the in v itro effects of " IL - r  on muscle protein 
degradation led to the suggestion that cyclooxygenase inhibitors might be 
useful in diminishing stress-induced protein catabolism (1983). Subsequent 
studies have yielded conflicting results. Freund et al. (1986) reported that 
indomethacin, in vitro, not only reduced protein degradation but also 
suppressed synthesis - an effect which he considered undesirable. The 
findings of Hasselgren (1985) were also discouraging. In an in vivo rat 
caecal ligation and puncture model indomethacin had no effect upon skeletal 
muscle protein degradation. Hulton examined the possible use of Ibuprofen 
in a septic canine model (1985 (1)) and found that i t  did not influence the 
rate of urea generation.

In summary, net proteolysis is a recognised feature of trauma and sepsis; 
hormones, prostaglandins and cytokines have all been implicated in the 
mediation of this effect but our understanding of the underlying mechanisms 
is far from clear.
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1.4 TUMOUR NECROSIS FACTOR

1.4.1 H istorica l Background. The phenomenon of tumour regression in 
the presence of bacterial infection was f irs t  noted towards the end of the 
nineteenth century. In 1893 a New York physician named William Coley began 
to treat cancer patients w ith a mixture of bacterial products or, as they 
were then known, Coley's toxins. It had at the same time been observed that 
when bacterial products were given to animals bearing transplanted 
tumours severe haemorrhagic tumour necrosis frequently occurred 
(Shwartzman and Michailovsky, 1932). At the time it  was not clear whether 
the Shwartzman reaction and haemorrhagic tumour necrosis were produced 
by two independent factors or by a single factor (Shear et al., 1943). In 
general i t  was found that small doses of bacterial products were 
insufficient to cause complete tumour regression w hilst large doses were 
associated w ith severe systemic toxicity. Accordingly, attempts were made 
to separate the active necrosis-inducing agent from other bacterial 
products. Although potent fractions were frequently obtained it  was not 
until 1943 that Shear et al., using filtra te s  taken from cultures of Serratia 
marcescens, isolated a relatively pure fraction, rich in polysaccharides. 
These we now know were Hpopolysaccharides, or endotoxins.

Since i t  was known that endotoxin could not itse lf k ill tumour cells in 
v itro  (Zahl, 1950) Algire et al. (1952) suggested that the In vivo necrotising 
effect of endotoxin upon tumours was caused by endotoxin-induced 
hypotension. This explanation remained the most plausible until 1975. In 
that year Carswell et al. reported that when BCG-primed mice were given 
endotoxin the serum of such mice became capable of Inducing necrosis In 
subcutaneous transplants of the tumour BALB/c sarcoma Meth A borne by 
other mice (and was toxic for L cells in vitro). Serum taken from mice which 
had received either BCG or endotoxin alone was incapable of inducing such 
necrosis. Other agents known to expand the reticuloendothelial system were 
found to prime animals as successfully as BCG. Carswell suggested that this 
effect of endotoxin was due to endogenous release of a substance which was 
given the name "tumour necrosis factor", or TNF. TNF and endotoxin were 
found to be active against a sim ilar spectrum of tumours and at a sim ilar 
phase of their growth. The necessity for priming w ith BCG or other 
activators of the reticuloendothelial system suggested the macrophage as 
the likely cell of origin.

In the early 1980's Beutler et al. were studying the phenomenon of 
cachexia as it  occured in rabbits infected w ith  Trypanosoma brucei. These 
animals, despite having a low parasitic burden and being cachectic, had very
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high plasma lipid levels. In particular there was a marked elevation in 
plasma very low density lipoproteins (VLDL) which was shown to be due to 
reduced lipoprotein lipase (LPL) activ ity (Rouzer and Cerami, 1980). This 
deficiency could also be induced in C3H/HeN mice by the administration of E. 
coli lipopolysaccharide, but not in endotoxin-resistant mice of the C3H/HeJ 
strain (Kawakami and Cerami, 1981). The resistance to endotoxin-induced 
LPL ac itiv ity  could be overcome in two ways; either by giving the resistant 
animals serum taken from sensitive animals which had themselves been 
given lipopolysaccharide, or by giving them conditioned medium containing 
peritoneal macrophages from the sensitive mice (Pekala et al., 1982). The 
macrophage having been implicated in this way, it  was subsequently shown 
that the RAW 264.7 macrophage cell line, when exposed to endotoxin, was 
capable of elaborating a substance which could suppress LPL activ ity in the 
3T3-L1 adipocyte cell line. In 1985 Beutler et al. (1985 (iii)), again using 
RAW 264.7 cells, reported the isolation of this factor, to which they gave 
the name "cachectin". This was a 17 kilodalton protein, capable of binding to 
3T3-L1 adipocytes, to C2 muscle cells and also to mouse liver cell 
membrane preparations via specific high a ffin ity  receptors. Such receptors 
were not detected on erythrocytes or lymphocytes. Cachectin was shown to 
be distinct from IL-1 and was found to account for between 1 and 5% of the 
total protein secreted by stimulated RAW 264.7 cells. These observations 
led Beutler and others to suggest that cachectin might act as a hormone; 
that is, as a substance produced by one group of cells, acting upon other cell 
types via high a ffin ity  receptors.

These two lines of research had been developing independently until i t  was 
noted that the N-terminal sequence of mouse cachectin was closely 
homologous to that of human TNF (Beutler et al., 1985(111)). Subsequent 
sequencing studies demonstrated that cachectin and TNF were one and the 
same molecule (Beutler and Cerami, 1986(D). Both names remain in common 
use; the la tter is favoured in this thesis. Cloning of the human TNF cDNA has 
since made possible the production of recombinant human TNF (rHuTNF) 
(Shirai et al., 1985).

At this time therefore, TNF/cachectin was viewed as a molecule, produced 
by endotoxin-stimulated macrophages, which appeared to play a part in 
tumour necrosis and in the development of cachexia. Subsequent 
investigations suggested that TNF might have a wider field of influence. 
Most notably, the infusion of TNF into dogs and rats was shown to have 
metabolic and physiological consequences which closely resemble animal 
endotoxaemia and human Gram-negative shock (Tracey et al., 1986(i); 
1987(D). These effects included hypotension, metabolic acidosis, raised
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lactate levels, respiratory arrest and death. C3H/HEJ mice, which have a 
genetically determined inability to produce TNF, are resistant to the effects 
of endotoxin. Such resistance is lost when these mice are subjected to total 
body irradiation and transplanted w ith marrow from mice of closely related 
but endotoxin sensitive strains. This was taken to imply that the host factor 
responsible for endotoxin sensitivity is expressed by cells of 
haematopoietic origin (Watson et al., 1978; Beutler et al., 1986(ii)). Pre- 
treatment of endotoxin sensitive mice w ith a highly specific rabbit 
polyclonal antibody directed against mouse TNF was found to protect 
against the lethal effects of endotoxin (Beutler et al., 1985(D). A sim ilar 
protection against le thality and hypotension was demonstrated in rabbits 
(Mathison et al., 1988). Finally, the pretreatment of baboons w ith a 
monoclonal antibody to TNF prevented their deaths after injection w ith an 
otherwise lethal dose of live E. coli organisms (Tracey et a l, 1987(ii)). 
These in vivo observations were supported by in v itro  work, thus 
strengthening the feeling that TNF was involved in the mediation of 
endotoxaemia and Gram-negative sepsis. These and other aspects are 
discussed in more detail below.

1.4.2 Structure. TNF has a molecular weight of 17,000 daltons though the 
molecule may occur in dimeric, trim eric or pentameric form, depending upon 
methods of isolation and specie of origin. The complete sequence has been 
determined for human, rabbit and mouse TNF, these molecules containing 
157, 154 and 156 amino acid residues respectively. Dog TNF has yet to be 
isolated. It has been noted that there is a high degree of sequence 
conservation between the species (Beutler and Cerami, 1986(D). Such 
regions may be important for shared activ ities of these different molecules.

1.4.3 Assay. TNF may be assayed by in v itro  tumour necrosis (using various 
cell lines) or by suppression of lipoprotein lipase (using isolated 3T3-L1 
adipocytes), as described above. Alternatively, i t  may be measured by a 
specific enzyme-linked immunoabsorbant assay (ELISA); this uses a 
monoclonal antibody specific to the TNF to be assayed, giving a sensitivity 
as low as 15-20 pg/ml.

1.4.4 Production, Clearance and D istribution. The most important 
cellular source of TNF is the macrophage though it  is also produced by 
natural k ille r (Svedersky et al., 1985) and natural cytotoxic cells (Ortaldo 
et al., 1986). The gene for human TNF is located on chromosome 6 and is 
closely linked to the gene for lymphotoxin (Nedwin et al., 1985). Isolated
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peritoneal macrophages do not store TNF though they do contain small 
amounts of TNF mRNA. When exposed to endotoxin the production of TNF 
mRNA increases and translation occurs (Beutler et al., 1986(1), (ii)). The 
endotoxln-resistance of C3H/HeJ mice may be due to a genetic abnormality 
which inhibits the mobilisation of TNF mRNA (Beutler and Cerami, 1986(D).

The influence of reticuloendothelial expansion upon TNF production has 
already been mentioned. Kawakami et al. (1984) examined in v itro  a number 
of agents which might be expected to Influence macrophage production of 
TNF. They found that incubation of thioglycollate macrophages with 
Corynebacterium parvum and particulate zymosan encouraged TNF production 
(though they were in this respect less potent inducers than endotoxin) 
w h ils t the addition of dexamethasone to endotoxin-stimulated macrophages 
had a suppressive effect. Aspirin and indomethacin did not inhibit TNF 
production. This is interesting in view of the known beneficial effect of 
glucocorticoids in experimental endotoxaemia (Hinshaw et al., 1979).

Production has also been demonstrated in vivo. Rabbits were given an 
intravenous bolus of E. coli endotoxin, the dose being sublethal; w ithin 15 
minutes there was a rise in the serum TNF level (as measured by 
radioreceptor assay and bioassay). This peaked at approximately 2 hours 
(reaching nanomolar concentrations), following which the substance was 
rapidly cleared. The amount of TNF produced was equivelant to several 
milligrammes per kilogramme of body mass (Beutler et al., 1985(H): Abe et 
al, 1985). No priming of the reticulo-endothelial system was necessary. In a 
separate study, mice were Injected w ith radioiodlnated TNF; this was 
cleared from the plasma w ith a half life  of 6 minutes. Approximately 31% of 
the administered dose was recovered from the liver, 30% from the skin, 9% 
from the gut and 8% from the kidneys. The simultaneous injection of 
unlabeled TNF led to a reduction in binding (In all but skin and lung), 
indicating specificity of binding. Electrophoretic studies of tissue extracts 
taken at 8 minutes after injection showed very l i t t le  in the 17,000 dalton 
weight band; labelled TNF had presumably been rapidly degraded after 
binding. The precise nature of this degradation is not known. The particular 
specificity and distribution of binding described by Beutler should not be 
given too much weight since the bolus administration of TNF into a 
peripheral vein is far removed from what may occur in nature. Most cell 
types possess specific h lgh-affin ity receptors for TNF but not all are 
responsive to TNF (Aggarwal et al., 1985)

1.4.5 Measurement of TNF in C lin ica l States. When endotoxin is given 
to human volunteers there is a significant rise in circulating TNF levels
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which is temporally associated w ith various physiolgical and metabolic 
changes (Michie et al., 1988). TNF levels peak approximately 2 hours after 
endotoxin injection. TNF has been found in the serum of humans w ith 
parasitic infections (Scuderi et al, 1986) and also in patients w ith 
meningococcal septicaemia (Waage et al., 1987). TNF-like activ ity  has been 
reported in patients w ith  cancer (Balkwill et al., 1987). In septic humans a 
significant elevation in circulating TNF levels has been found in only 25% of 
patients (Debets et al., 1989). This may be because of mechanisms 
controlling the synthesis and clearance of TNF (Michie et al., 1988).

1.4.6 Biological Effects.

(a) C lin ical Features. TNF has been given to patients w ith  malignant 
disease in a variety of dose regimens (Blick et al., 1987: Sherman et al.,
1988); general malaise, fever, chills, headache, anorexia, nausea, vomiting, 
diarrhoea, dizziness and myalgia have been reported. Significant hypotension 
was occasionaly encountered, particularly when TNF was given as a high 
dose bolus (Creaven et al., 1986). It is noteworthy that when human 
volunteers are given intravenous endotoxin they typically experience 'flu 
like symptoms which do not begin until almost an hour after endotoxin 
administration; severity correlates w ith peak plasma TNF concentrations 
(Michie et al., 1988).

(b) M orta lity. TNF is lethal when given in suffic iently high doses. A dose 
of 100 ugm./kg. TNF causes 100% m ortality by 3 hours in dogs (n = 4) 
(Tracey et al., 1987(D). The mean lethal dose at 12 hours in the rat is 
700jigm./kg. (Tracey et al., 1986(D)

(c) Acute-Phase Changes. There is a good deal of evidence implicating 
TNF as a mediator of acute inflammation, the relationship between TNF and 
the neutrophil polymorph being of particular importance. Many agents 
stimulate the neutrophil to produce and release toxic oxygen radicals and 
lysosomal enzymes which are cytotoxic to endothelial cells in vitro. For 
this reason this cell has been considered to play a key role in in vivo 
inflammation (Harlan et al., 1981: Sacks et al., 1978: Shalaby et al., 1987). 
TNF exerts profound effects upon cells circulating w ithin the blood. Marked 
fa lls  in the circulating total white cell count have been reported, together 
w ith fa lls  in the platelet and lymphocyte counts (Tracey et al., 1987(1): Blick 
et al., 1987: Okusawa et al., 1988: Sherman et al., 1988). Michie et al. (1988) 
have shown a strong inverse correlation between white cell count and peak
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plasma TNF levels in humans receiving endotoxin. There is now evidence to 
suggest important interactions between the neutrophil, TNF and the vascular 
endothelial cell (Shalaby et al., 1985(1), (ii)). In v itro  studies show that 
rHuTNF binds to neutrophils by a single class of specific high-affin ity 
receptors. It then inhibits migration and enhances production and release of 
the superoxide anion (02” ). Furthermore, it  causes a marked disruption of 

human umbilical vein derived endothelial cell monolayers and inhibits their 
proliferation (Shalaby et al., 1987). Klebanoff et al. (1986) have 
demonstrated that rHuTNF is a weak direct stimulus of the neutrophil 
respiratory burst and degranulation. A consequence of this is an increase in 
the surface expression of the C3bi receptor/adherence glycoprotein w ith an 
associated increase in adherence of granulocytes to umbilical vein 
endothelium in vitro, and increased phagocytosis of unopsonised particles. 
There is also an independent effect upon the endothelial cells themselves 
which contributes to this increased adherence (Gamble et al., 1985).

TNF induces the synthesis of IL-1, stimulates synovial cells and 
fibroblasts to produce PGE2 and collagenase (Dayer et al., 1985) and 
enhances production of leukotrienes in activated neutrophils (Roubin et al.,
1987). It also causes the transcription and production of granulocyte- 
macrophage-colony stimulating factor (C5F) and macrophage-CSF in vivo 
(Kaushansky et al., 1988) and can activate macrophages (Philip and Epstein, 
1986). These findings suggest other links between TNF and the the process 
of inflammation. Moving to another aspect of the acute-phase response, TNF 
causes fever, both by a direct effect upon the hypothalamus and also by 
induction of IL-1 (Kaushansky et al., 1988: Dinarello et al., 1986). Kettlehut 
(1987) found that when mice of 50 - 60 gm. were given a low dose of TNF 
they developed fever but a lethal dose causes hypothermia. Endotoxin 
causes fever in most animals but the demonstration of such an effect in 
small rodents has been inconsistent (Fish and Spitzer, 1984; Hasselgren et 
al., 1985) This is presumably due to their high surface volume ratio. A fever 
can be demonstrated in endotoxaemic rats provided they are kept in a 
thermoneutral environment (Szekely and Szelenyi, 1979). Following TNF it  is 
possible that certain products of the cyclooxygenase pathway are 
responsible for peripheral vasodilatation. In small animals this could 
account for the hypothermia observed by Kettlehut.

The coagulation pathways are frequently activated at times of 
inflammation and there is evidence that TNF may influence this process. TNF 
enhances procoagulant activ ity and inhibits the expression of 
thrombomodulin on endothelial cell surfaces in v itro (Nawroth and Stern,
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1986). Other above mentioned effects upon endothelial cells are also likely 
to activate coagulation.

(d) Haemodynamic and Pulmonary Effects. Tracey et al. f irs t  reported 
TNF to cause hypotension in rats (1986(i)) and have since attempted to 
describe the haemodynamic effects of TNF in anaesthetised dogs (1987(D). 
Few conclusions can be drawn from their study due to the small numbers of 
animals and the doses employed. At their low dose (10 jigm./kg.) there were 
no changes in mean arterial pressure, heart rate, wedge pressure or cardiac 
output. At high dosage (100 jigm./kg.) there were again no significant 
changes except for a fa ll in blood pressure at the final time point (3 hours) 
when the animals were in any case declared to be dead. The study of 
Schirmer et al. (1989) is more informative, showing that rats given TNF 
have an increased cardiac output, decreased systemic vascular resistance 
and a reduction in effective hepatic blood flow.

It is possible that the alterations In vascular permeability and fluid 
distribution which occur in endotoxaemia may be mediated by TNF. TNF 
causes haemoconcentration and hypotension in vivo (Tracey et al., 1986(D). 
In addition to the endothelial effects mentioned in the preceeding section, 
TNF damages vascular endothelium and diminishes cell to cell adherence In 
v itro  (Sato et al., 1986; Stolpen et al., 1986). It has been reported to cause 
an increased capillary permeability and oedema within the lungs (Stephens 
et al., 1988) and also reduces transmembrane potential in vivo (Tracey et 
al., 1987(D) and in v itro  (Tracey et al., 1986(H)).

(e) Hormonal Effects. In dogs (n = 3) a TNF dose of 10 jigm./kg. has been 
shown to cause a non-significant elevation in glucagon, adrenaline, nor
adrenaline, and cortisol (Tracey et al. (1987(D) whilst a dose of 100 
ligm./kg. (lethal) causes a significant elevation of all four hormones, close 
to the moment of death. The administration of TNF to human cancer patients 
results in increased serum cortisol levels (Warren et al., 1987) whilst in 
normal rats rises in catecholamines (Ciancio et al., 1987) and PGE2 
(Kettelhut et al., 1987) have been reported.

( f)  Metabolic Effects. An early hyperglycaemia followed by 
hypoglycaemla has been reported in rats given TNF (Kettlehut et al., 1987; 
Ciancio et al., 1987). Kettlehut found that Ibuprofen partially and 
indomethacin completely prevented the fa ll in glucose over a 4 hour study 
period. These rats were hypothermic and may have been shivering. Shivering 
would be expected to increase the rate of glucose utilisation. Since
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cyclooxygenase inhibitors prevented the temperature fa ll they would also 
have eliminated any shivering and this may explain the changes in blood 
glucose. Tracey et al. (1987(D) have described the blood glucose levels in 
dogs receiving TNF as ‘normal’ (6.2 -  10.2 milllmoles/L). In v itro studies 
show that TNF stimulates glucose uptake, glycogenolysis and lactate 
release in a muscle cell line (Lee et al., 1987).

TNF suppresses lipoproteinlipase (LPL) synthesis in adipocytes, both in 
vivo and in v itro  (Beutler et al., 1985 (iii) ; Mahoney et al., 1985). Other key 
lipogenic enzymes, acetyl-CoA carboxylase and fa tty  acid synthetase, are 
also suppressed in v itro  (Pekala et al., 1983). These effects, which depend 
upon specific reversible inhibition of expression of the corresponding genes 
(Torti et al, 1985), cause a general sh ift away from 1 ipogenesls, fat cells 
are prevented from taking up triglyceride. This is in accord w ith the finding 
of raised triglyceride and VLDL levels in cancer patients receiving TNF 
(Sherman et al., 1988: Blick et al., 1987). If adipocytes are, for these 
reasons, denied access to circulating lipid this might Influence how other 
energy stores are controlled.

TNF has been implicated in the wasting of chronic disease but there is no 
good evidence that i t  is specifically proteolytic. Rats receiving a 5 day 
continuous Intravenous Infusion of TNF show anorexia, fluid retention, 
acute-phase responses and a negative nitrogen balance (Michie et al., 1989). 
Using pair-fed controls it  was demonstrated that the weight loss, negative 
nitrogen balance and loss of carcass nitrogen were entirely accounted for by 
diminished food Intake. In contrast, a sim ilar study by Tracey et al. (1988), 
using an escalating dose regimen to overcome tolerance, suggested that 
there might be a preferential breakdown of protein. TNF has been reported to 
increase the hepatic amino acid uptake and cause a fa ll in skeletal muscle 
amino acid uptake but this may have been due to associated increases in 
glucocorticoids, to hypotension, local alterations of blood flow or to 
acidosis (Starnes et al., 1987: Warren et al., 1987). There is no in vitro 
evidence that TNF affects protein synthesis or degradation (Kettlehut et 
al., 1987; unpublished findings; Moldawer et al., 1987(1); Hummel et al., 1987). 
Administration of TNF to humans w ith malignant disease has not resulted in 
rapid wasting (Sherman et al., 1988).

(g) Anti-tum our effects. TNF has cytostatic and cytotoxic activity 
against a variety of tumours, in v itro  and in vivo. For example, in vitro, 
human TNF has been shown to have an antiproliferative effect on 7 human 
tumour cell lines, 9 murine tumour cell lines, no effect on 15 human and 3 
murine tumour cell lines and a growth enhancing effect on 5 normal human
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fibroblast cell lines (Pennica and Goeddel, in Lymphokines, 1987). In vivo 
TNF can be curative in mice bearing Meth A sarcoma, sarcoma 180, MM-46 
mammary carcinoma and Erhlich tumours (Haranaka et al., 1984). The 
precise mechanisms by which TNF exerts these effects are not known. 
However, there are several relevant in v itro  observations. Firstly, rHuTNF is 
a potent stimulator of neutrophil-mediated antibody-dependent cellular 
cytotoxicity (Shalaby et al., 1985(D). Secondly, TNF increases surface 
expression of class I MHC antigens on cultured human endothelial cells and 
human dermal fibroblasts (Collins et al., 1986); this might result in 
enhanced cytolytic T-lymphocyte mediated lysis of affected cells. Thirdly, 
TNF, (like lymphotoxin), causes fragmentation of cellular DNA; this may 
contribute to its  cytolytic actions (Schmid et al., 1986).

Recombinant human TNF, which has been shown to have in v itro  and in vivo 
antitumour effects sim ilar to those of natural human TNF (Pennica et al., 
1984), has been used, at various doses, in phase 1 clinical tria ls  in patients 
w ith advanced malignant disease. There has so far been minimal objective 
tumour regression (Blick et al., 1987: Sherman et al., 1988).

(h) Post Mortem Findings. The effects of a lethal dose of TNF have been 
described in dogs (Tracey et al., 1987(D) and rats (Tracey et al., 1986(D). 
They include haemorrhagic lesions of lung and kidney, adrenal necrosis, 
segmental ischaemia and haemorrhagic necrosis of the bowel and pancreatic 
oedema w ith haemorrhage. Histological examination shows extensive acute 
inflammation w ith capillary thrombosis and necrosis in various organs; 
thickening of the alveolar walls, extensive inflammatory involvement of the 
pulmonary interstitium , margination of white cells in pulmonary vessels, 
occlusion of pulmonary vessels w ith  white cell thrombi, focal denudation of 
bowel epithelium, acute tubular necrosis, acute in te rs titia l inflammation of 
the kidneys and haemorrhagic necrosis of the adrenal medulla. These 
histological changes resemble those caused by endotoxaemia

1.4.7 Other Cytokines. There is a very large number of other cytokines, 
the actions and roles of which are the subject of current research. They 
have effects in their own right and are likely to interact, not only w ith each 
other but also w ith TNF (Beutler and Cerami, 1986(D). Several of these are 
worthy of special mention.

(a) Lymphotoxin. Lymphotoxin is a product of activated T lymphocytes. It 
shares a common receptor, has approximately 30% homology w ith and shares 
some of the in v itro cytotoxic effects of TNF (Aggarwal et al., 1985;
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Pennica et al., 1984). For these reasons lymphotoxin is sometimes known as 
TNF-B, TNF itse lf then being referred to as TNF-alpha. Lymphotoxin causes 
fragmentation of cellular DNA, an action which may contribute to the 
cytolytic actions of both lymphotoxin and TNF (Schmid et al., 1986). 
Lymphotoxin also stimulates neutrophil phagocytic function (Shalaby et al., 
1985(D).

(b) IL-1. The cytokine IL-1 Is a polypeptide synthesised and released by 
monocytes (Dinarello, 1984). The name IL-1 is now considered synonymous 
w ith 'leukocyte pyrogen' and 'endogenous pyrogen'. This cytokine has wide- 
rangeing effects, many of which are sim ilar to those of TNF. It is thought to 
be an Important mediator in bacterial sepsis and the acute inflammatory 
response (Hamblin, 1988). Endotoxin is a potent inducer of IL-1 production 
in v itro  (Dinarello, 1984) though the administration of low dose endotoxin 
to human volunteers does not consistently elevate circulating IL-1 levels 
(Michie et al., 1988: Hesse et al., 1988). IL-1 is released into the circulation 
during infection (Atkins et a l, 1958) though its  demonstration in febrile 
states has not been consistent (Dinarello, 1984). IL-1 production is also 
induced by TNF (Dinarello et al., 1986)

The effects of IL-1 include fever; IL-1 stimulates synthesis of PGE2 in 
the hypothalamus (Dinarello and Bernheim, 1981) which in turn causes fever 
(Milton and Wendlandt, 1971). It also causes proliferation of certain white 
cell populations and stimulates the synthesis of acute-phase proteins 
(McAdam and Dinarello, 1980; Dinarello, 1984). Like TNF, It stimulates the 
production of PGE2 and collagenase in human synovial cells and dermal 
fibroblasts (Dayer et al., 1985) and, like TNF, it  effects the adhesion of 
leucocytes to cultured human endothelial cells (Gamble et al., 1985). The 
administration of IL-1 to rabbits causes fa lls in systemic arterial and 
central venous pressure and a reduction in systemic resistance (Okusawa et 
al., 1988); these effects are prevented by Ibuprofen pretreatment. With 
respect to haemodynamic changes, there is synergism between IL-1 and TNF 
(Okusawa et al., 1988); however, IL-1 also down-regulates the number of 
TNF receptors on macrophages (Holtmann and Wallach, 1987).

(c) Interferons. There are three interferons, alpha, beta and gamma, all of 
which bind to cell surface receptors and influence gene transcription or 
translation (Rubinstein M. and Orchansky P., 1986). They are noted for their 
ability to stimulate the immune system (De Maeyer-Guignard J. and De 
Maeyer E., 1986). Interferons are synergistic w ith TNF for in v itro anti
tumour effects and there is evidence that gamma-interferon up-regulates
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TNF receptors (Aggarwal et al., 1985). The administration of endotoxin to 
humans has wide-ranging metabolic effects without causing detectable 
elevations in circulating gamma-interferon (Michie et al., 1988).

1.5 PROSTAGLANDINS and PROSTAGLANDIN INHIBITORS.

The second part of this thesis examines the possibility that 
prostaglandins may mediate some of the effects of TNF. For this reason, this 
class of molecules w ill be briefly discussed.

Prostaglandins are recognised mediators of pyrexia and the Inflammatory 
response (Kuehl and Egan, 1980; Flower, 1977; Sturge et al, 1978: Dinarello 
and Wolff, 1982(D). It is likely that they also modulate sympathetic nerve 
function, are involved in autoregulation of blood flow and mediate certain 
responses of endotoxaemia. They occur naturally in the pitu itary and 
hypothalamus and there Is evidence to suggest that they influence the 
release of p itu itary hormones (Hedge, 1977).

Prostaglandins are acidic lipids, not stored in tissues but synthesised 
following exposure to a variety of stimuli. Membrane derived fa tty  acids (of 
which arachidonlc Is the most Important) are released; arachidonic acid Is 
oxygenated by the cyclooxygenase enzyme to form PGG2 . This is an 
endoperoxide intermediate which may be converted to a variety of active 
molecules, the precise end-product being determined by the enzymic 
characteristics of the tissue in question. PGE2 production predominates in 
most cells and indeed this is the most abundant prostaglandin (Kuehl and 
Egan, 1980). Metabolism of arachidonic acid to PGG2 is not inevitable; many 
tissues contain the lipooxygenase enzyme which converts arachidonic acid 
to hydroperoxyelcosatetraenolc acids (HPETE's). These may be metabolised 
to the analagous alcohol or to leukotrienes. Since a specific Inhibitor for the 
lipooxygenase pathway is not yet available it  is d ifficu lt to assess the 
importance of its  products.

Whilst steroids act by decreasing the release of arachidonic acid from 
phospholipids (Gryglewski et al., 1975) non-steroidal anti-inflammatory 
drugs prevent the uptake of molecular oxygen by the cyclooxygenase enzyme. 
Inhibition at this step prevents the production both of the endoperoxides and 
the stable prostaglandin metabolites. Since superoxide production depends 
upon a supply of endoperoxide this is also inhibited. Aspirin donates an 
acetyl group to the enzyme and thereby destroys it  but drugs such as 
Ibuprofen cause reversible inhibition (Kantor, 1979). Several of the 
prostaglandins have opposing actions so an inhibition of the synthesis of
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several members of the class need not necessarily result in a marked 
response. Furthermore, since cyclooxygenase inhibition may favour the entry 
of arachidonic acid into the lipooxygenase pathway and since the role of 
leukotrienes has yet to be determined it  can be d iff icu lt to interpret the 
results of cyclooxygenase inhibition. This is not a problem w ith Ibuprofen 
since i t  also inhibits the lipooxygenase enzyme and there is therefore no 
increase in metabolites of the lipooxygenase pathway (Higgs et al., 1980). 
Prostaglandins are known to increase mucus production, decrease acid 
secretion and increase mucosal blood flow (Robert, 1974); it  is therefore 
not surprising that Ibuprofen, like other non-steroidal anti-inflammatory 
drugs, leads to gastritis. It is, in this respect, less damaging than aspirin 
(Kantor, 1979).

1.6 ENDOTOXIN AND THE GUT

It has long been appreciated that the gastrointestinal tract is damaged 
during endotoxaemia, the macroscopic features including petechiae, 
submucosal haemorrhages, oedema, mucosal sloughing and intraluminal 
blood (Gilbert, 1960). Such injuries are also thought to occur in humans, in a 
variety of abnormal circumstances (Marston, 1962).

Intestinal damage may be a function of splanchnic perfusion. During low 
flow states there is likely to be a reduction in splanchnic blood flow and 
this reduction, which may be disproportionately greater than the fa ll in 
cardiac output (Bulkely et al., 1983: Bailey et al., 1987), can cause 
ischaemic damage. It has recently been demonstrated that non-occlusive 
intestinal mucosal ischaemia is a very frequent occurence in patients w ith 
multiple system organ failure (Fiddian-Green, 1987). Alternatively, 
endotoxin or its  mediators could be directly toxic to the bowel. 
Experimental evidence indicates that endotoxin and gastrointestinal juices 
may act together to cause injury. Evans and Darin (1966) demonstrated that 
if  90% of the small bowel was excised one week prior to endotoxin 
administration the survival rate was 52% in comparison w ith a mere 13% 
for intact animals. They went on to show that i f  the small bowel was 
excluded from the flow of digestive juices w h ils t remaining in vascular 
continuity the same survival improvement was noted and the excluded 
segment did not suffer damage (Evans, 1967). The gastrointestinal injury 
cannot therefore be explained simply as the direct toxic effect of some 
blood borne mediator, nor as the result of intense splanchnic 
vasoconstriction induced by such a mediator. It would appear that some
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component of the luminal contents is also required for damage to become 
apparent (Bounous et al., 1965).

The gut constitutes an internal reservoir of bacteria and endotoxin. In 
health, inert particles (Owen and Nemanic, 1978) and live bacteria (Berg,
1983) can be translocated across the bowel lumen to mesenteric lymph 
nodes and to body organs. In disease states, septic and non-septic, the gut 
permeability to bacteria and endotoxin may be increased and the ab ility  of 
the reticulo-endothelial system to clear and detoxify such endotoxin may be 
impaired (Fine, 1967: Caridis et al., 1972; Deitch et al., 1987).

In septic illness therefore, there may be gastrointestinal damage because 
of inadequate perfusion or because of direct damage by other mediators. 
This damage may itse lf allow an increased absorption of endotoxin, thus 
perpetuating the disease state.

1.7 INDICATIONS fo r PRESENT RESEARCH. As has been outlined above, 
much recent research has concerned itse lf w ith the large class of ce ll- 
derived soluble mediator substances, often referred to as cytokines, many 
of which have a wide spectrum of activ ity (influencing inflammation, 
haematopolesls and cytotoxicity). The relationships between these 
substances and other mediators such as growth factors, hormones and 
endotoxin have yet to be defined. Their role in individual pathological 
processes is sim ilarly unclear. This is the background against which the 
present study developed. At the time that this work was being planned, 
Tracey et al. (1986(D) had published findings which, together w ith the work 
of others, suggested that one particular cytokine, TNF, was capable of 
inducing, in vivo, many of the deleterious effects of endotoxin. High doses 
resulted In hypotension, acidosis, haemoconcentratlon and death; It was, In 
other words, a potent toxin. However, there is always concern that when 
describing changes in dying animals it  is d iff icu lt to separate primary 
effects of the administered agent from secondary or tertia ry host responses 
(Schirmer et al., 1989). Furthermore, the number of animals used was small 
and no sta tistica l analyses could be performed. In view of the importance of 
the claims being made, albeit upon relatively insubstantial evidence, it  was 
fe lt that the effects of TNF and their mediation warranted a more detailed 
examination in a subJethaJ animal preparation.
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CHAPTER 2; AIMS and OBJECTIVES

Endotoxin causes the host to release various mediators - hormones and 
cytokines. It Is now thought that these, rather than endotoxin Itself, are 
responsible for provoking and sustaining the numerous responses which 
typify clinical sepsis, It is the central hypothesis of this thesis that the 
cytokine TNF is a mediator of endotoxaemia. The overall aim was to 
investigate this possibility by studying the responses of dogs to an 
intravenous infusion of TNF. There were three principal objectives;

1. The f irs t was to investigate the extent to which the intravenous infusion 
of a standardised preparation of recombinant human TNF to anaesthetised 
dogs mimicked the pathophysiological changes which are known to occur 
after the intravenous infusion of endotoxin, There already exists a 
considerable body of experimental work, mainly in dogs but also in humans, 
which has described the latter. It was also intended to investigate whether 
or not anaesthesia alters the canine responses to TNF.

2. The second was to investigate the extent to which a cyclooxygenase 
inhibitor (Ibuprofen) alters the effects of TNF in the anaesthetised dog. The 
effects of cyclooxygenase inhibitors upon responses to endotoxin have been 
described in humans, dogs and rats; haemodynamic effects are ameliorated 
w hilst metabolic responses are le ft largely undisturbed. This partial 
inhibition has been attributed to a reduction in prostaglandin synthesis and 
it  has been suggested that certain of endotoxin's effects are therefore 
likely to be mediated by prostaglandins. It is possible that some of TNF's 
effects may also be mediated by prostaglandins.

3. The third was to determine whether the effects of TNF referred to above 
might be due to an increased absorption of endotoxin from the gut. In itia l 
post mortem studies revealed that by the end of a 6 hour TNF infusion the 
mucosa of small and large bowel had suffered considerable damage. It 
therefore seemed possible that other effects observed following TNF 
administration could be attributed, in part, to an increase in absorption of 
endotoxin from the dog's own gut, through a damaged mucosa.
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CHAPTER 3: EXPERIMENTAL DESIGN and CONDUCT of 
STUDIES

3.1 EXPERIMENTAL DESIGN

3.1.1 General Remarks.

The objectives set out in the previous chapter were addressed in three 
separate studies (Studies 1, 2 and 3).

Study 1; an investigation of the extent to which the intravenous 
administration of TNF to anaesthetised dogs mimics the pathophysiological 
features of endotoxaemia.

Study 2; an investigation of the extent to which a known cyclooxygenase 
inhibitor (Ibuprofen) w ill alter the effects of TNF in the anaesthetised dog.

Study 3; an investigation of the hypothesis that the responses to TNF, in 
part, are due to an increased absorption of endotoxin or bacteria from the 
gut lumen.

The design and conduct of each of these studies w ill be discussed in turn, 
after some general remarks which relate to all studies.

3.1.2 Animal Model. The effects of TNF were studied in the anaesthetised 
dog. This model was chosen for a variety of reasons. Most importantly, the 
effects of endotoxin have been most thoroughly documented in the 
anaesthetised dog and I wished to set my findings in the same context. A 
large animal is well suited to the measurement of substrate flux across 
peripheral tissues and allows a relatively large volume of blood to be drawn 
without this having significant haemodynamic effects of its  own, 
Furthermore, the measurement of cardiovascular and respiratory parameters 
is easier in a large animal than it  is in a small one.

The relationship between Gram-negative sepsis and endotoxaemia was 
discussed in the introductory chapter. There are certain practical aspects of 
this relationship which are helpful to discuss at this point. It has been a 
recurrent critic ism  of canine endotoxaemic preparations that though they
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reproduce certain features of severe septic shock they are less satisfactory 
as models of hypermetabolic human Gram-negative sepsis (Shaw and Wolfe,
1984). Aspects of dose regimen and fluid loading may be responsible for 
this. Firstly, endotoxin has usually been given as a bolus, often in quite 
large amounts. Such high dose bolus injections are unlikely to mimic the 
natural situation. In contrast, on the relatively few occasions when 
endotoxin has been given as an infusion it  has had a more gradual effect 
upon, for example, systemic blood pressure (Emerson and Gill, 1967: Rety 
and Couves, 1969: D'Orio et al., 1987). Secondly, human sepsis usually 
develops gradually; stress hormones may well be elevated and, in the 
hospital setting, it  is likely that the patient is receiving a generous amount 
of fluid. In contrast, healthy experimental animals are given a huge septic 
insult, without any metabolic warning and usually without a fluid load. 
Severe hypotension and hypoglycaemia develop from which the animal rarely 
recovers. It is not surprising that hyperdynamic sepsis fa ils  to develop. 
When an adequate fluid load is provided the cardiac output and oxygen 
consumption have been shown to increase ( Shaw and Wolfe, 1984: Duff et 
al., 1965: Carroll and Snyder, 1982). I have not wished to study the effects 
of TNF in a deeply shocked dying animal; for this reason, bearing the above 
considerations in mind, TNF was administered as an infusion and the fluid 
provision was generous.

The effects of endotoxin on splanchnic venous pooling are very marked in 
the dog and may be quite unlike that seen in humans (Fine, 1967: Brobmann 
et al., 1970). This does not prevent the drawing of parallels between the 
effects of endotoxin and the effects of TNF in dogs but has to be borne in 
mind when extrapolating to man.

3.1.3 Time Course. The study period began one hour before the TNF 
infusion and continued for 7 hours. This length of study was considered 
necessary for two reasons. Firstly, i t  is one criterion, both of flux 
determinations and of isotopic turnover studies, both of which were 
employed here, that the organism be in a relatively steady state during the 
period of determination, ft was the hope that after 6 hours of TNF infusion 
the animal would have reached, at least in some respects, a new steady- 
state. Secondly, previous work has demonstrated that following a standard 
abdominal operation the rate of amino acid release from the hind limb is 
maximal at 6 hours after the start of surgery (Kapadia et al., 1982: Wilmore, 
unpublished data). Choosing the same time period allowed comparisons to be
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made between the effects of TNF and those of this standardised metabolic 
stressor.

3.1.4 Anaesthesia. Anaesthesia was induced and maintained w ith 
pentobarbital (Abott Laboratories). This agent was chosen because it  is the 
most commonly used in animal experiments, is cheap and easy to use.

In animal studies anaesthesia is frequently used because it  facilita tes 
instrumentation, prevents the animal from experiencing pain and reduces 
the influence of extraneous stimuli. A number of studies in conscious 
animals suggest that though anaesthetic agents do modify an animal's 
response to endotoxin these modifications are quantitative rather than 
qualitative (Morris et al., 1979: Van Lambalgen et al., 1986). Despite this 
reassuring observation the relative novelty of TNF dictated that some 
studies be carried out in conscious dogs. It was not considered ethical to 
use large numbers of animals for this purpose. Accordingly, TNF was given 
to only 2 dogs w h ils t they were fu lly conscious. The same 2 dogs acted as 
their own controls, receiving saline on a separate occasion.

3.1.5 Fluid Provision. The fluid requirement for a dog is 40mls./kg./24 
hours. Since each animal was to have approximately 250 mis. of blood drawn 
over the 6 hours a generous fluid load of 4mls./kg./hour was given. Even In 
the smallest of dogs this more than compensated for the volume of blood 
drawn. Animals in the enterectomy study were given an additional flu id 
prime, as w ill be discussed later.

3.1.6 TNF Dosage. A pilot study by another investigator in the same 
laboratory (Revhaug; unpublished data) suggested that a dose of 0.57 x 105
Units/kg./6 hours did not cause death and had effects which were easily
detectable. The agent was administered, at this dosage, by continuous 
infusion rather than as a bolus injection for the reasons already mentioned.

3.2 MATERIALS AND METHODS

3.2.1 Study 1; an Investigation of the extent to which the
intravenous infusion of TNF to anaesthetised dogs mimics the 
pathophysiological changes which are known to occur after the
intravenous infusion of endotoxin.
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This was a descriptive study which set out to define the haemodynamic, 
respiratory and metabolic effects of TNF in the anaesthetised dog. There 
were three parts. Study 1(a) was a paired study in which each animal served 
as its  own control. Dogs received two six hour infusions, one of 0.9% saline 
(control), the other of TNF. There was a period of at least a week between 
the two infusions in order that the animals might recover from the 
procedure and the associated blood loss. Animals were required to be eating 
normally and to appear healthy before they were studied for a second time. 
A fter completing this paired study and after a further recovery period of at 
least seven days the dogs entered study Kb). The allocation to a TNF or 
saline study was determined by sequential randomisation. Study 1(c) 
examined the effects of TNF in conscious dogs.

STUDY 1(a)

(a) Animal Selection and Care. Six male or female dogs, weighing 21 - 
31 kg., guaranteed non-pregnant and free from intestinal parasites, were 
obtained (Bio-Medical Associates Inc., Fredenberg Pennsylvania) at least one 
week prior to study in order that they might become acclimatised to a 
standard diet and new surroundings. The dogs were fed each morning with 
Agway Canine 2000, (Agway Inc., Syracuse, New York). This contains a 
minimum of 25% protein and 10% fat w ith a maximum fibre content of 5%. 
An unlimited supply of water was provided. They were trained to stand for 
short periods in a Pavlov sling.

(b) Pre-operative Preparation and Anaesthesia. An animal was 
weighed on the morning of the day before study. Between 4 and 5 p.m. food 
and water were removed from its cage. The following morning, having fasted 
for at least thirteen hours, the animal was brought to the laboratory. It was 
placed in a Pavlov sling. Anaesthesia was induced w ith pentobarbital 
(30mg./kg.) via an 18 gauge forelimb cannula. Supplementary doses were 
given throughout the study to maintain light general anaesthesia. A cuffed 
endotracheal tube was inserted and oxygen enriched room air was delivered 
through it. Interposed between the oxygen source and endotracheal tube was 
a short section of tubing which provided an entry for room air and an outlet 
for exhaled gases. Oxygen was delivered at a rate of 5 L./min. and 
respiration was spontaneous. So long as the inspiratory flow rate did not 
exceed 5 L./min. the dog would receive 100% oxygen. At flow rates greater
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than 5 L./min. room air would be drawn in through the side port and 
enrichment would fall. Flow rates were not measured but it  can be deduced 
from the values for minute ventilation that these were generally well above 
5 L./min. The animal was transferred to the operating table where it  was 
loosely secured in the supine position. The bladder was catheterised and 
allowed to drain freely. A temperature probe was inserted into the rectum. 
The neck was shaved and the operative fie ld cleansed, f irs t w ith soap and 
water, then w ith a povidone iodine solution (Povidone Iodine; Sherwood 
Pharmaceutical Company, New Jersey). Sterile drapes covered all but the 
operative area and subsequent operative procedures were carried out w ith 
aseptic technique.

(c) Operative Procedure. When an animal was being used for the f irs t 
time the right common carotid artery was exposed through a longitudinal 
incision. A fter ligating the vessel dlstally a s ilastic cannula of internal 
diameter 0.102 cm. and external diameter 0.216 cm. (Dow Corning 
Corporation, Michigan) was inserted into the vessel and passed proximally 
for a distance of 10 cm. This was secured in place for the sampling of 
arterial blood and the monitoring of arterial pressure. The right external 
jugular vein was identified and ligated distally. A sim ilar silastic cannula 
was passed proximally, for a distance of 10 cm; this was for the infusions 
of saline, deuterated glucose and TNF. In selected animals a second silastic 
cannula was passed into the same vein and advanced a distance that was 
judged to place its tip in the right heart; this was used for sampling of 
mixed venous blood. In later experiments this second silastic cannula was 
replaced by a Swan-Ganz catheter. The neck wound was loosely closed 
around the cannulae.

When an animal was undergoing its  second study the left-hand side of the 
neck was dissected. The placement of cannulae in the le ft external jugular 
vein was as for the right side. The le ft carotid was entered via the cranial 
thyroid artery. The common carotid distal to the entry point of this vessel 
was occluded by a sling throughout the whole study period. This approach 
was used because it  allowed the cranial thyroid to be ligated at the end of 
the procedure leaving the common carotid in continuity and therefore 
available for use in the animal's third and final study. In later studies this 
procedure was modified since I found it  possible to re-use a previously 
ligated carotid. The number of carotids ligated does have an effect upon 
blood pressure; this issue is addressed in a later section.
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With the neck preparation complete, approximately 45 minutes after 
induction, a priming dose of deuterated glucose was given and infusions of 
normal saline and deuterated glucose were begun. This time point was 
designated as T = -2 hours. The rate of saline infusion was adjusted so that 
each animal received a total fluid load of 4ml./kg./hour. At time T = 0 the 
lower abdomen was gently compressed, urine that had collected in the 
drainage bag up to this point was discarded and the six hour collection was 
begun. In those animals so designated, an infusion of TNF was started. At T= 
6 the lower abdomen was again gently compressed before terminating the 
collection of urine.

(d) Monitoring Techniques. The following haemodynamic and respiratory 
parameters, w ith the exception of cardiac output, were measured at half 
hourly intervals throughout the study. In addition, in selected dogs, mean 
arterial pressure and heart rate were recorded at 5 minute intervals during 
the f irs t half hour of TNF infusion.

Mean arterial pressure. Arterial pressure was measured directly w ith a 
standard mercury manometer. The silastic tubing previously placed in the 
carotid artery was connected to a manometer via a 122 cm. length of 
standard arterial pressure tubing of internal diameter 1.7 mm., external 
diameter 2.8 mm. (Sorenson Research, Salt Lake City), pre-filled w ith 
heparinised saline. The manometer itse lf had an approximate internal 
diameter of 5 mm. This system is suitable for recording mean arterial 
pressure and shows deflections of sufficient magnitude for pulse rate to be 
counted. With the dog in the supine position the mercury column was 
arb itrarily zeroed to the horizontal plane that lies midway between the 
anterior border of the shoulder and the sternum. The deflection on one side 
of the mercury column was measured and then doubled. The arterial pressure 
in fact supports not only the column of mercury but also, on one side of the 
column, a column of saline. For this reason the observed pressure in mm. of 
mercury represents 103.7% of the actual arterial pressure (Guyton, 1956). 
Readings were therefore multiplied by the correction factor of 0.96.

Pulmonary and central venous pressures. In selected animals a Swan- 
Ganz type catheter was used to monitor pulmonary and central venous 
pressures. Three different makes of catheter were used;
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1. "Special" Critikon Cardiovascular catheters; 5F, 80 cm., double lumen, 
proximal port at 15 cm., balloon capacity 0.75 cc. (Critikon Inc., Florida).
2. Swan-ganz thermodilution catheters; 93-132-5F, thermodilution 
(American Edwards Laboratories, California).
3. Swan-Ganz monitoring catheters (93 -115-7F, trip le  lumen, proximal port 
at 20cm (American Edwards).

These were inserted via an external jugular vein and sited in the pulmonary 
outflow tract. The observed waveforms suggested that all catheters were 
correctly positioned. The central venous and pulmonary lines were connected 
to separate transducers, each of which had been previously zeroed to the 
same height as the mercury manometer. The transducers (Medex Inc.) were 
connected to two channels of a Honeywell Recorder (Honeywell AR-6. 
Simultrace Recorder). Pressure values were taken from the penultimate in 
the series of wave forms which occur during each expiration.

Though all pressure lines were zeroed at the same level for any particular 
study there was inevitable between animal variation in the zero level 
relative to the cardiac chambers. All pressure measurements were therefore 
converted to deltas and it  is these deltas which have been used in 
sta tis tica l analyses.

Cardiac Output. In most cases this was determined by the method of Fick 
(1870) though in 2 dogs a thermodilution technique was used. The principle 
of the Fick method is that “the total uptake or release of a substance by an 
organ is the product of the blood flow to the organ and of the arteriovenous 
concentration of the substance". Thus,

CO = V02/(arterial oxygen content - venous oxygen content)
where,
CO = cardiac output
V02 = total body oxygen consumption
Oxygen content = Hb x A x (% saturation/100)
Hb = blood concentration of haemoglobin
A = mis of 02 carried by 1 gm. of haemoglobin

The commonly quoted value for A is 1.34 mls./dl. In 1970 Sykes et al. 
pointed out that this constant, defined in 1894 before the molecular weight 
of haemoglobin was known, was shown to be incorrect. With knowledge of
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the correct weight he calculated a figure of 1.39. A sim ilar calculation 
should be possible for dogs but the exact molecular weight of dog 
haemoglobin is not known. The value of 1.39 was used here.

When cardiac output was to be determined blood gas samples were taken 
from the arterial and mixed venous lines. As soon as sampling was complete 
the dog was attached to a spirometer and oxygen consumption was measured 
over the next four and a half minutes. The measured values of p02 were 
converted to % saturation on the Severinghaus slide rule (Radiometer, 
Copenhagen). This incorporates the oxygen dissociation curve for canine 
haemoglobin. Cardiac output was expressed as cardiac index (Cl) w ith units 
of L ./m in ./m 2 . Surface Area was caclulated to be 0.112 x weight0 6 ^  
(Howell, 1959).

Thermodilution is a special form of the indicator dilution technique 
(Stewart, 1897), allowing repeated estimations of cardiac output without 
the drawing of blood. Cost prohibited routine use of this method but it  was 
employed in two dogs, simply as an internal check for the determinations by 
Fick's method. For thermodilution,

V = I /  (C x t) where,
V = volume of fluid
I = amount of indicator added to the flu id
C = concentration of indicator in the flu id
t = time required for all the indicator flu id mixture to pass the sampling, 

site once.

The thermodilution catheter was connected to a Cardiac Output Computer, 
Model 9520 A (American Edwards Laboratories). For each estimation 3cc.’s 
of normal saline were used, the temperature of which was between 0 and 5° 
Centigrade. The saline was injected by hand, as rapidly as possible, from a 
5cc. syringe. At each time point 3 to 5 estimations were made and the mean 
taken. At selected time points cardiac output was determined both by 
thermodilution and by the Fick method.

Temperature. Temperature was recorded by a rectal temperature probe 
which was calibrated periodically (Yellow Springs Instruments Co. Inc., 
Ohio.),
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Respiratory Parameters. Every half hour the dog was attached to a 13.5 
Litre Collins Respirometer (Warren E. Collins, Massachusetts). The animal 
remained attached for four and a half minutes during which time its 
respiratory movements were recorded on a revolving drum. The f irs t half 
minute of this trace was discarded; the remainder provided a record of 
respiratory rate, minute ventilation and oxygen consumption. The tidal 
volume was calculated. Where appropriate, values were corrected to 
standard temperature and pressure. Minute ventilation, tidal volume and 
oxygen consumption were corrected for dog surface area before analysis.

(e) Derived Values. Resistances were calculated as;

Systemic Vascular Resistance (SVR) = (BP -  CVP)/CI

Pulmonary Vascular Resistance (PVR) = (PA Pressure -  Wedge)/ Cl

Hind-limb Resistance (HLR) = (BP - CVP)/ Hind-limb flow

The method of Daugirdas et al. (1984) was used to correct resistance for 
changes in haematocrit. An arbitrary reference haematocrit of 0.35 was 
used.

Total Peripheral Resistance = V x N
where,
V = Vascular component of resistance
N = Viscosity component of resistance

At constant N, TPRq 35 -  TPR x (No>35/NmegSUpg(j)

The ratio (N0.35/Nmeasured) = 10M(°-35 ~ Measured Hct>

M is a constant which, in dogs, is equal to 1.

(f) Determination of Endogenous Glucose Production. Using a 
primed/constant infusion rate technique the endogenous glucose production 
rate was determined in 8 studies (4 dogs in 4 paired studies) prior to and 
during TNF infusion.
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Crystalline 6,6,2D2-glucose (98% Atoms Percent Excess, ICN Biomedicals 

Inc., Massachusetts) was dissolved in 250 mis. of saline, the amount being 
determined by the dog's weight. The solution was prepared on the day 
preceeding a study, observing s tr ic t asepsis, and was stored in a 
refrigerator overnight. The same lot of isotope was used throughout Study 
Parts 1(a) and 1(b). The priming dose, given at T = -2 hours, was 2.4 mg./kg. 
body weight in a constant volume of 34.2 mis. This was followed 
immeadiately by an intravenous infusion. The infusion was delivered by a 
Harvard pump at a rate of 0.03 mg./kg./min in a volume of 205 mis. The 
infusion ran for eight hours and the prime to Infusion ratio was 80:1. After 
85 minutes of continuous infusion blood was drawn every 10 minutes over a 
30 minute period. A sim ilar set of four samples was drawn in the final 35 
minutes of study. Steady state conditions were not assumed and glucose 
production was therefore calculated by the following modification (Wolfe, 
1984) of Steele's equation (1959);

Ra glucose = ( F - p.V.[(C2 - C)) /  2].[ (IE2 - IE 1 )/(t2  - 11) ] )  /  (IE2 + IE 1) /  2 
and,

Rd glucose = Ra - p.V.(C2 - C1) /  ( t2 - 11)

where,
Ra Rate of glucose appearance
Rd = Rate of glucose disappearance, or utilisation
F Isotope infusion rate
Cx = Concentration of glucose at time tx
tx = Time x
IEx = Isotopic Enrichment of plasma at time tx-

A volume of distribution (V) of 200 mls./kg. was used and this was 
corrected to an effective volume of distribution of 40 mls./kg. using a pool 
fraction (p) of 0.2 (Wolfe, 1984). The Metabolic Clearance Rate (MCR) was 
calculated to be Rd glucose divided by blood glucose concentration. In stable 
isotope terminology enrichment is referred to as Atoms Percent Excess 
(APE). In the equation therefore, Enrichment E = APE x 0.01.

(g) TNF Infusion. The TNF was of recombinant human form and was 
supplied in vials containing either 1 x 106 Units/ml or 5 x 106 Units/ml
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(Asahi Chemicals Inc.). The specific activ ity was approximately 2.2 x 10& 
Units/mg. of protein (Sherman et al., 1988). The TNF used contained less 
than 100 pg. of endotoxin per milligram of protein by limulus assay (Michie 
et al., 1989). The carrier solution was saline w ith a small amount of added 
gelatin to prevent adherence. The dose was 0.57 x 105 Units/kg body 
weight/6 hours. On the morning of study a vial was thawed, the required 
amount withdrawn and then diluted with 154 mis. of saline. Beginning at 
time T = 0 this volume was delivered over 6 hours by a Harvard infusion 
pump. One batch of TNF contained no gelatin. A small amount of plasma was 
therefore collected on a separate occasion from the 2 dogs which were to 
receive it. On the morning of their study it  was added to the 154 mis. of 
saline prior to addition of the TNF. The plasma was added as 0.1 % by volume 
of the final solution.

(h) Blood Sampling. A dog's blood volume is approximately 9% of body 
weight (Moore, 1962). The volume of blood drawn from each animal over the 
study period was approximately 250 mis. which, for a dog at the lower lim it 
of the weight range, represents almost 15% of the blood volume. All samples 
were taken from the arterial line except the mixed venous samples which 
were taken either from the long jugular line or from the Swan-Ganz 
catheter when this was available. Before sampling, to clear the line, 10 mis. 
of blood were withdrawn. The sample was obtained and the original 10 mis. 
were returned to the animal. The line was then filled  w ith a small amount of 
heparinised saline (I Unit/ml.). When sampling times coincided w ith time- 
points for the recording of other parameters cardiovascular signs and 
temperature were recorded firs t, followed by arterial and mixed venous 
blood gases samples, respiratory measurements and then all other samples. 
The sampling schedule was as follows (w ith the proviso that most but not 
all parameters were measured in all dogs);
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Parameter Time Point (hours)
0 1 1.5 2 3 4 5 6

Blood Count 4 4 4
Urea/creatinine 4 4
Blood gases 4 4 4 4 4 4
Pyruvate 4 4 4 4 4 4
Lactate 4 4 4 4 4 4
Glucose 4 4 4 4 4 4 4
Amlno-acids 4 4 4 4 4 4
Free fa tty  acids 4 4 4 4 4 4
Triglycerides 4 4 4 4 4 4
Insulin 4 4 4 4 4 4
Glucagon 4 4 4 4 4 4
ACTH 4 4 4 4 4 4
Cortisol 4 4 4 4 4 4
Catecholamines 4 4 4 4 4 4

In addition samples of blood were taken for glucose turnover studies at T = 
-35, -25, -15 and -5 minutes; also at 5 hours and 25 minutes, 5 hrs 35, 5 
hrs 45 and 5 hrs 55 minutes.

( i)  Sample Processing. Serum and protein-free filtra te s  were prepared 
immeadiately and frozen for analysis at a later date. The filtra te  
preparation was as follows;

Each 2ml. sample was deproteinlsed by adding to an equal volume of ice cold 
10% perchloric acid. This was vortexed for 10 seconds and allowed to stand 
for 10 minutes on ice. It was then centrifuged at 5000 r.p.m. in a 
refrigerated centrifuge (0-5 degrees C.) for 15 minutes. The supernatant 
was decanted into a clean tube and from this 2 mis. were pipetted into a 
second tube. This second tube was vortexed, the precipitate allowed to 
settle and the pH checked. In those samples for amino-acid analysis, 
because glutamine is acid labile, the sample was pH adjusted to 4.80-4.85 
using 5N KOH or IN HC1, all volume additions being recorded. The sample 
was then made up to a total volume of 4mIs. w ith d istilled H2O. This was
vortexed and the pH rechecked before being centrifuged at 2500 r.p.m. for 5
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minutes. The supernatant was fina lly decanted into a polypropylene tube and 
stored at -70° C.

Blood Count (whole blood). Samples were taken to the hospital haematology 
laboratory shortly after having been drawn. The following indices were 
reported; haemoglobin concentration, haematocrit and white count. In the T 
= 0 and T = 6 samples a differential white count was performed.

Urea and Creatinine (serum) Urea nitrogen was determined on the Technicon 
Autoanalyzer II by a colorimetric method. Diacetyl monoxime is hydrolysed 
to diacetyl which reacts directly w ith urea in the presence of ferric ions. 
The presence of thiosemicarbazide intensifies the colour of the reaction, 
Creatinine was also determined on the Technicon Autoanalyzer II. 
Creatinine is f irs t  seperated from protein and other unwanted substances by 
dialysis. The solution is alkalinised. Picric acid is allowed to react w ith 
creatinine; this is a complex reaction which yields a coloured product.

Blood Gas Analysis (whole blood) When gases were determined the animal 
was always breathing oxygen enriched room air. Samples of 1 ml. were 
simultaneously drawn from arterial and venous lines into heparinised 
syringes. The heparin was in a concentration of 1000 Units/ml. (Elkins-Sinn) 
and filled  the dead space of needle and syringe. The dead space was 0.100 
mis. The samples were kept on ice and analysed in the hospital blood gas 
laboratory (Corning 168 pH/blood gas analyzer) w ithin 90 minutes. pH, p02, 
pC02 and base excess were determined on all samples. pH was measured at 
the machine temperature of 37° and was converted back to animal 
temperature by the following formula;

Corrected pH = measured pH + [ (measured temperature -  37) x ( -0.0147)]

The number , -0.0147, is the whole blood pH factor and refers to the change 
in pH per degree temperature change. pH rises as temperature fa lls  
(Rosenthal, 1948). The factor is equally appropriate for man and dog.

Pyruvate (protein-free filtra te ) The assay allows pyruvic acid in the 
specimen to react w ith NADH; this leads to the formation of L-lactic acid 
and NAD. The oxidation of NADH to NAD is measured by a decrease in

64



absorbance at 340 nm. and this decrease is equivelant to the amount of 
pyruvic acid originally present in the specimen.

Lactate (protein-free filtra te ) The assay involves the oxidation of L- 
lactate to pyruvate and the concomitant reduction of NAD to NADH is 
measured by an increase in absorbance which is equivelant to the amount of 
L-lactate originally in the sample.

Giucose (protein-free filtra te ) Glucose oxidase catalyses the reaction of 
glucose w ith  water and oxygen to form gluconic acid and peroxide. Peroxide 
is then allowed to react w ith a chromogenic oxygen acceptor in the presence 
of peroxidase. The amount of light absorbed at 425 nm. by the final solution 
is proportional to the amount of glucose present in the orginal sample.

In addition to the above, in all samples taken for determination of 
deuterated glucose the plasma glucose was determined. This is performed 
by essentially the same technique though a filtra te  is not made and 
different dilutions are necessary.

Amino-acids (protein-free filtra te ) Glutamine and glutamate were 
determined by high performance liquid choromatography (Smith 1985). Other 
amino acid concentrations were determined on the Beckmann Amino-Acid 
Analyzer 6300 (Beckman Inst., Brea, CA).

Free Fatty Acids (serum) Free fa tty  acids are extracted using a mixture of 
heptane, propanol and water at a pH of 2.5. A fter the free fa tty  acids have 
been extracted into the heptane layer this is removed and the fa tty  acid 
concentration determined by titra tion  w ith NaOH.

Trigiycerides (serum) The sample is saponified to form glycerol and fa tty  
acids. Glycerol is converted enzymatically to glycerol phosphate w ith the 
ultimate conversion of NADH to NAD through various coupled reactions. The 
amount of NADH oxidised, as indicated by a decrease in absorbance, is 
equivelant to the glycerol formed which is in turn proportional to the 
original triglyceride concentration.

insuiin (serum) Insulin was determined in serum by a double-antibody 
radioimmunoassay (Soeldner, 1965).
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Giucagon (piasma)A mis. of blood was added to an EDTA tube containing 50 
m icrolitres of Trasylol per ml. of blood and stored at - 70° C. until analysis. 
Glucagon was measured by Weir's modification of Unger's method (Weir, 
1973).

ACTH (plasma) 3 mis. of blood were collected into siliconised tubes and 
stored at -70° C. This was subsequently assayed by the hospital 
endocrinology laboratory using a radioimmune technique (Nichols RIA kit, 
California).

Cortisol (serum) This was measured by the hospital endocrinology 
laboratory using a standard k it (Diagnostic Products Coat-A-Count, 
California).

Catecholamines (plasma). These were measured by a simultaneous single 
isotope radioenzymatic assay (Peuler, 1977).

Deuterated giucose (plasma) Plasma glucose was converted to a penta- 
acetyl derivative and then analysed for deuterium enrichement by gas 
chromatography - mass spectrometry (Model 5985B, Hewlett Packard, Palo 
Alto, CA).

Urine processing The 6 hour urine sample was acidified w ith 2 drops of 
H25O4 and the volume was measured. One aliquot was set aside for total
nitrogen analysis and another for ammonia. These were refrigerated. A 
further aliquot was taken and centrifuged at 30,000 r.p.m. for 10 minutes. 
This was subsequently pipetted into 4 seperate tubes for measurement of 
glucose, urea nitrogen, creatinine, sodium and potassium. These were stored 
at -70° C. until analysis.

Sodium and potassium. Sodium and potassium concentrations were 
determined by emission flame photometry using a lithium internal standard.

Ammonia The partial pressure of ammonia is proportional to its  
concentration. Dissolved ammonia is allowed to diffuse through a 
hydrophobic, gas-permeable membrane on an electrode until the partial 
pressure of ammonia is the same on the two sides of the membrane. A 
sensing element in the electrode measures changes occuring in the ammonia
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concentration. A series of standards are used to plot a curve and the 
unknowns are subsequently read from this curve.

Glucose, Urine glucose was measured by the Beckman Benchtop Analyzer 
(Beckman Inst., Brea, CA). This measures the rate at which oxygen is 
consumed in a sample containing glucose oxidase and glucose.

Total Nitrogen, This was determined by the Antek Nitrogen Analyzer, This 
relies upon a chemiluminescence technique. The sample undergoes oxidative 
pyrolysis at 1050° C.; nitrogen is converted to n itric  oxide. This n itric  oxide 
is carried to a reaction chamber where it  reacts w ith ozone to yield a 
metastable molecule of nitrogen dioxide. This molecule chemiluminesces 
quantitatively in the 700-900 nanometer wavelength region.

Urea nitrogen and creatinine Urea nitrogen and creatinine were determined 
on the Technicon Autoanalyzer II (as described under serum urea nitrogen 
and creatinine analysis).

( j)  Post Mortem Procedure. See page 70.

STUDY Kb)

Substrate Flux across the Hind Leg. The purpose of this study was to 
measure the exchange of various substrates across the hind limbs during the 
infusion of TNF or saline. In addition, many of the parameters measured in 
part 1(a) were again measured in these animals. Each dog was randomised to 
receive a six hour infusion of saline or TNF. Animals were required to be 
eating normally and to appear healthy. There were 6 control and 6 TNF dogs. 
The study was conducted in such a way that it  resembled the study 1(a) in 
all respects except the following;

(a) Operative Procedure. In addition to the insertion of neck lines both 
groins were dissected so as to expose the common femoral arteries and 
veins. The profunda femoris veins and arteries were identified and ligated 
distally. Any other sizeable veins seen to be entering the common femoral 
vein in the immeadiate vic in ity of the profunda vein were ligated in 
continuity. A 19 gauge cannula was placed into each of the profunda femoris
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arteries w ith  its tip  judged to be just w ithin the common femoral lumen. 
The common femoral veins each received an 18 gauge cannula, again 
introduced via the profunda femoris branch and positioned in a sim ilar 
fashion. The cannulae were secured in place and the groin wounds loosely 
closed about them. This point, approximately 2 hours from induction, was 
declared as T = -1 hour. As. in earlier studies, the infusion of TNF began, in 
those randomised to receive it, at T = 0.

None of the dogs in this subgroup received infusions of deuterated glucose.

(b) Determination of Substrate Flux. Flux is the product of flow and 
arteriovenous concentration difference. Arteriovenous concentration 
differences are usually small and blood flow varies from moment to 
moment. Because of this, multiple determinations are necessary. At each 
time point, and for each hindlimb, three arterial and three venous samples 
were taken; thus there were three measurements of arteriovenous 
difference in each leg at any one time point. Flow was measured by a well 
established dye dilution technique (Katz and Bergman, 1969), again with 
three estimations per leg at each time point.

On the morning of a study a fresh saline solution of para-amminohippurate 
(PAH), (Merck, Sharp and Dohme) was made up to an approximate strength of 
500 mg%. Such a solution yields arterial and venous blood PAH values which 
are in an appropriate range for spectrophotometric determination. Beginning 
at T = -1 and continuing to the end of the study this was infused into each 
hindlimb via the femoral arterial cannulae. The solution was delivered by a 
Harvard infusion pump at the constant rate of 0.362 mls./min. PAH is not 
metabolised but is excreted solely by the kidney. When flux was to be 
measured this procedure was followed;

(i) The venous leg lines were flushed w ith a small amount of dilute 
heparinised saline (1 U./ml.).
( ii)  Lines were cleared; 10 mis. of blood were withdrawn, simultaneously, 
from the carotid line and each of the femoral venous lines. The dead space of 
the syringes into which this blood was drawn had previously been filled  
w ith heparin (1000 U./ml.).
( i i i)  The actual samples were then drawn, again simultaneously, from the 
same three lines. Since it  is important that the blood drawing does not 
itse lf cause a significant disturbance of local flow the samples were drawn
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at a rate of 1 m l./10 seconds. Again the dead space of each syringe had been 
previously filled  w ith heparin (1000 U./ml.).
(d) The original 10ml samples were returned to the animal and the lines 
were flushed w ith a small amount of heparinised saline (1 U./ml.).
(iv) When 5 minutes had elapsed since the beginning of step 2 the entire 
procedure was repeated.
(v) The procedure was repeated for a third time.

The samples thus obtained provided blood both for the measurement of PAH 
and for other selected parameters. The values for PAH concentration were 
subsequently entered into the following equation;

Blood Flow = PAH infusion rate /  [PAH]vejn - [PAH] artery

For each substrate under consideration, each individually determined flow 
rate was multiplied by the corresponding arteriovenous substrate 
concentration difference. The 6 resulting determinations of a substrate’s 
flux across one leg (3 from each leg) were then used to calculate mean 
single leg flux. If the hind-limb was found to release a substance, the flux 
was given a negative sign and vice versa.

Blood gases were taken in duplicate rather than trip lica te and the mean 
values at each time point therefore derive from four separate estimations 
(2 in each leg) rather than from 6.

(c) Blood Sampling. The total sampling volume was the same as for study 
1(a) and the schedule was as follows;
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Parameter
Time point (hours)
0 1 2  3 4 5 6

Blood Count 4 4 4
Urea and Creatinine 4 4
Blood gases 4 4 4
Pyruvate 4 4 4
Lactate 4 4 4
Glucose 4 4 4 4 4 4 4
A-acids 4 4
PAH 4 4 4
The blood count, urea and creatinine samples were taken from the carotid 
line only, as were the glucose samples at T = 1, 2 , 4 and 5. The remainder 
were taken, in trip licate, from carotid and both femoral venous lines at each 
time point. Blood gas samples were drawn, simultaneously, in duplicate, 
from the carotid line, the two femoral venous lines and the central venous 
line.

(d) Sample Processing. This was as for Part 1(a). PAH was measured 
spectrophotometrically in a protein free filtra te  prepared from whole blood 
by a spectrophotometric method.

(e) Post Mortem Procedure. All animals completing their final study or 
dying at other times had a post mortem examination. In addition, those 
completing the hindlimb flux study had their hind legs removed and weighed.

The final samples having been drawn, the abdomen was opened and its 
contents inspected whilst the animal was s t il l alive but anaesthetised. In 
those animals to have their legs weighed a clamp was placed across the 
femoral vessels at the level of the inguinal ligament. A lethal dose of 
pentobarbital was next administered. The skin was incised along a line 
passing from the superior aspect of the pubis, along the inguinal ligament 
and then from the anterior superior iliac spine to the ischial tuberosity 
before returning to the pubis. Perineal and pudendal tissues were not 
included. Anteriorly the muscles were divided in a line w ith the skin 
incision and posteriorly they were dissected off the pelvis. The hip jo in t 
was entered and the ligament of the head of the femur divided. The femoral 
vessels were divided at the level of the inguinal ligament, proximal to the 
clamp. The clamp was removed and the leg was weighed. Finally the chest
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was opened and its  contents examined. The positions of the various lines, 
both in the chest and pelvis, were noted.

STUDY 1(c)

E ffects of TNF in the Conscious Animal. Each of two dogs received 
saline and TNF in a random order. There was at least one week between the 
two parts of each study. Study conditions matched those of part 1(a) with 
the following differences;

During the week of acclimatisation the dogs were trained to stand for up 
to 6 hours in a Pavlov sling.

Arterial and venous lines were inserted on the evening before study. Food 
and water were removed as usual between 4 and 5 p.m. At 8 p.m. the animal 
was brought to the operating theatre and anaesthetised. The neck was 
dissected and lines were placed as for Part 1(a). Placement of Swan-Ganz 
catheters was not considered feasible. The lines were filled  w ith 
heparinised saline (10 U./ml.), capped, led through a subcutaneous tunnel to 
the back of the neck and buried in a subcutaneous pocket. An incision was 
made directly over this pocket and then closed again w ith 3 sutures. The 
anterior neck wound was also closed. The animal was transferred to the 
floor, covered w ith  drapes and allowed to recover overnight without further 
disturbance.

At 6 a.m. the following day the dog was placed in the stand. The sutures of 
the posterior neck wound were cut, the wound edges were separated and the 
catheters were drawn out from their pocket. This was accomplished without 
local anaesthesia and did not appear to cause discomfort. A urinary catheter 
was not inserted. At 6.15 a.m. an infusion of saline was started and this 
time point was designated T = -1.75 hours. The arterial line was connected 
to the mercury manometer and the level of mercury was zeroed to the 
presumed position of the heart.

When the study was over the control dogs were anaesthetised w ith 
pentobarbital, transferred to the operating table, the catheters were 
removed and the wounds closed. It was considered hazardous to anaesthetise 
those animals that had received TNF; their lines were removed 2 days later.

Glucose production rate was not determined and the animals did not 
receive infusions of deuterated glucose. Because the dogs were not
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intubated i t  was not possible to record oxygen consumption, tidal volume or 
minute ventilation. Cardiac output could not therefore be calculated.

3.2.2 Study 2; an investigation of the extent to which a known 
cyclooxygenase inhibitor (ibuprofen) w ill alter the 
pathophysiological effects of TNF in the anaesthetised dog.

For investigational purposes Ibuprofen is the currently favoured drug of 
its  class. It is a short acting, reversible cyclooxygenase inhibitor (Kantor, 
1979), available for intravenous use. It has been estimated to have a half 
life  of between 1 and 3 hours (Kantor, 1979). In pentobarbital anaesthetised 
dogs a single dose of 12.5 mg./kg. gives serum levels w ithin or above the 
therapeutic range for 3 hours (Glovicki, 1983). For studies lasting longer 
than this Hulton et al. (1985(D) have given 12.5 mg,/kg. three hourly and this 
same regimen was used in this study. The protocol for this study was 
identical to that used in study 1 in all respects except the following; eight 
dogs received TNF and Ibuprofen (sodium ibuprofenate; Upjohn, Kalamazoo, 
Ml 49001, USA), 5 received saline and Ibuprofen. The intravenous dose of 
Ibuprofen was 12.5 mg./kg. The f irs t  dose was given at T = - 40 minutes and 
the second was given 3 hours later.

3.2.3 Study 3; an investigation of the hypothesis that the 
responses to TNF, in part, are due to an increased absorption of 
endotoxin from the gut lumen into the circulating blood.

Post mortem examinations from Study 1 showed that the infusion of TNF 
results in considerable macroscopic damage to mucosa of the small and 
large bowel. This damage might be associated w ith an increase in mucosal 
permeability. If this were so, the effects of TNF might be partly explained 
by an increased absorption of endotoxin from the dog's own gut. In order to 
investigate this possibility a preparation was devised In which the internal 
reservoir of bacteria and endotoxin had been eliminated by surgical excision. 
The entire small and large bowel was removed from duodenum to anus. The 
spleen was le ft in situ in order that a reasonable portal flow might be 
maintained. A fter a stabilisation period of 2 hours a 6 hour TNF infusion 
was administered, using the same dose regimen as that used in Study 1.
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Control animals underwent the same operative procedure followed by an 
infusion of saline.

There were 6 TNF animals and 4 controls. All animals were eating 
normally and appeared healthy. The experimental conditions were as for 
study 1(a) w ith the following exceptions;

(a) Pre-operative Preparation and Anaesthesia. The rectum was 
emptied digita lly and the anus was sutured closed. The abdomen and 
perineum were shaved and cleansed. The temperature probe was inserted 
into the oesophagus or, when this could not be accomplished, as occured in 
some females, into the vagina.

(b) Operative Procedure. A line was established in a jugular vein and 
saline was infused at a rate of 4 mls./kg./hour. 250 mg. of Flagyl (Searle 
Pharmaceuticals, Chicago) and 250 mg. of Ceftizoxime (Fujisawa SmithKline 
Corporation, Japan) were injected intravenously. This prophylactic measure 
was intended to help the body in its defence against organisms that might 
enter the general circulation as a result of bowel manipulation. The abdomen 
was opened through a lower midline incision. The duodenum was divided 
approximately half way along its second part, distal to the entry of 
pancreatic and biliary ducts. The duodunal stump was closed in two layers. A 
Foley catheter was passed into the stomach via a small gastrotomy and 
secured in place w ith two purse string sutures. The mesentery of small and 
large bowel was divided where convenient and the vessels ligated. When the 
bowel had been freed suffic iently it  was divided approximately 25 cm. above 
the pelvic brim. The excised segment was discarded and the distal stump 
was covered w ith a glove which was tied securely in place. One operator 
began work on the perineum w hilst the other remained on the abdominal 
side. An incision was made in the perianal skin and dissection was carried 
up alongside the anal canal and rectum, keeping close to bowel wall. When 
continuity had been established the gloved upper end was passed down 
posteriorly where it served as a useful tractor during the final stages of 
dissection. There was no great blood loss during the pelvic dissection or at 
any other stage. The pelvic cavity was packed and no attempt was made to 
close perianal skin. Haemostasis was checked in the general abdominal 
cavity and the abdomen was closed in a single layer. The Foley catheter was 
brought out through the upper end of the wound. Great care was taken 
throughout to ensure against contamination of the peritoneal cavity with
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bowel contents. The abdomen was covered w ith a drape and attention turned 
to the neck. A carotid sampling line and a long venous line or Swan-Ganz 
catheter were inserted. The completion of this, approximately 2 hours from 
induction, was designated as time point T = -2 hours and in selected dogs a 
loading dose of deuterated glucose was given, to be followed immeadiately 
by an infusion of the same. During the next 2 hours the dogs received fluid at 
a rate of 16 mls./kg./hour. At T = 0 the rate of fluid delivery was reduced to 
the usual 4 mls./kg./hour. Subsequent conduct of the study was exactly as 
for Part 1(a), the TNF infusion beginning at time T = 0.

Urine was collected as in Part 1(a). In addition, in 5 animals, urine was 
collected from the beginning of the surgical procedure until T = 0 (a period 
of approximately 4 hours).

Despite gaurantees from the supplier, one dog, at enterectomy, was found 
to be pregnant. The fallopian tubes and gestational sacs were removed at the 
time of enterectomy, adding only 10 minutes to the procedure. The 
subsequent behaviour of this animal was not noticeably different from that 
of the other dogs.

3.2.4 S ta tis tica l Analysis and Data Presentation. Data is presented 
in tabular or graphical form. Probability values for parametric and non- 
parametric tests are given for certain pre-selected comparisons. Most 
graphs show data points w ith error bars (that is, ± one standard error of the 
mean), except for groups containing less than 4 animals. Where error bars 
overlap they have sometimes been omitted for the sake of clarity. For 
graphs which show changes the absolute starting values (at T = 0) are 
displayed next to the graph. In tabular presentations mean values are 
followed in brackets by the standard error of the mean.

Statistical analyses were carried out on a Macintosh computer using a 
standard statistica l package (Statview 512+). Probability values less than 
0.05 were considered significant.

In each of the three studies a number of planned between-group 
comparisons were made. In study 1, saline control animals were compared 
w ith those receiving TNF. In study 2 control animals pretreated w ith 
Ibuprofen were compared w ith animals receiving both TNF and Ibuprofen. In 
addition, Ibuprofen controls were compared w ith the saline controls from 
study 1 to test for any independent Ibuprofen effect. In study 3, 
enterectomised control animals were compared w ith enterectomised
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animals receiving TNF. In addition, the enterectomised control animals were 
compared w ith the saline controls from study 1 to assess the independent 
effect of enterectomy. Small numbers of enterectomised control animals 
made this d ifficu lt; this was partly overcome by an additional comparison 
of all enterectomised animals (n = 10) w ith all intact animals (n = 24) at 
the single time point of T = 0 hours.

In the f irs t  instance, for each of the comparisons described above, 
differences in response over time were tested for by analysis of variance 
w ith  repeated measures (RM. ANOVA). The total number of comparisons was 
equal to the degrees of freedom though the comparisons were not 
orthogonal; this form of analysis is a permissable deviation from the s tr ic t 
requirements of planned comparisons (Denenberg, 1984). For those 
variables measured only once or twice per animal each of the 5 comparisons 
was analysed by an unpaired t test.

The sta tis tica l performance of these parametric tests depends upon the 
extent, to which underlying assumptions concerning normality of 
distribution and equivelance of variance are satisfied. By way of addressing 
this concern, the data were also analysed using non-parametric techniques. 
For those parameters which were measured repeatedly the two groups were 
compared at T = 0 hours and T = 6 hours using the Mann-Whitney U test 
(abbreviated to MWU). This test was also used for those parameters 
measured only once during each study. Comparisons between paired groups 
of data were made using the Wilcoxon signed rank test. Differences are 
considered sta tis tica lly  significant only if  associated w ith probability 
values less than 0.05 by parametric and non-parametric testing, When 
differences are said in the text to be 'significant', without qualification, it  
may be assumed that this requirement has been met. When parametric and 
non-parametric tests are in disagreement, a finding is considered to be of 
uncertain significance. The analysis of hind-limb flux data was handled 
slightly differently using SA5 software (SA5 Institute, Cary, NC). TNF and 
control animals were f irs t compared using RM.ANOVA to examine changes in 
response over time and to determine effects of TNF administration. If 
significant main effects were detected, linear contrasts were used to test 
w ithin group differences and Tukey’s test was used for between-group 
comparisons.

The behaviour of a single group over time was examined by analysis of 
variance (parametric) and by the Friedman test (non-parametric). The Chi-
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squared test w ith Yates's correction and Fisher's exact test were used 
where appropriate. "Not significant" is abbreviated to NS.
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CHAPTER 4. RESULTS; The Pathophysiological E ffects  of 
TNF in the A naesthetised Dog (Study 1)

4.1 GROUP CHARACTERISTICS

This chapter describes the results from Study 1. The following table sets 
out the study group details;

TABLE 2. Group Characteristics, Study 1(a), (b)

STUDY 6R0UP WEIGHT (RANGE) NUMBER MALE/FEMALE ANAESTHETIC

1(a). CONTROL 25 (22-27) 6 1 /  5 52.5 (±4.8)

TNF 25 (23-27) 6 1 /  5 47.6 (±3.2)

Kb). CONTROL 24 (22-26) 6 2 /4 47.1 (±4.2)

TNF 26 (22-28) 6 4 /2 43,0 (±2.3)

Mean weight is given to the nearest kilogramme. Anaesthetic dose is the mean total dose per dog per 
study in milligrammes per kilogramme.

Animals in Study Kb) differed from those In 1(a) only in that they had an 
additional groin dissection, as has been described in the Materials and 
Methods section. For the purposes of analysis, data relating to variables 
measured in Study 1(a) and (b) have been combined. The operative stress of 
Study (b) was likely to have been slightly greater than that of (a); testing 
for this difference failed to disclose such an effect.

The control and TNF treated animals did not differ with respect to weight, 
anaesthetic dose (t test & MWU) or sex distribution (Chi-squared).

4,2 GENERAL OBSERVATIONS and SURVIVAL DATA

The operative procedures were without complication and blood loss was 
minimal.

Defaecation occured in 1/12 controls and in 10/12 TNF dogs. The stool of 
the control was normal whilst those of the TNF dogs were generally loose, 
containing mucus (7/10) and blood (6/10).

On the first post-study day controls appeared normal; they ate and drank 
as usual. TNF dogs were lethargic and unsteady on their legs: a mild
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conjunctivitis was sometimes present and one animal had blood in its stool. 
Nevertheless, all of them drank a good deal and most were interested in 
food. By the following day TNF animals were eating and drinking normally 
though some of them were still slightly weak. All were normal by the third 
day.

All dogs having hind limb flux studies (Study 1(b)) were sacrificed at the 
end of the procedure. Of the other dogs that were allowed to recover, 6/6  
controls and 5/6 TNF dogs survived. The non-survivor gradually deteriorated 
until on post-study day 7 it was sacrificed and found to have an ileo-caecal 
intussusception, 20 cm. of bowel being necrotic.

4.3 HAEMODYNAMIC PARAMETERS

Mean Systemic A rte ria l, Central Venous, Mean Pulmonary and 
Wedge Pressures (graph 2). The mean systemic arterial, central venous 
and mean pulmonary pressures did not change in controls. The wedge 
pressure may have fallen slightly (1.5 mmHg) in these animals (ANOVA, NS; 
Friedmann, p < 0.05). In TNF animals there was a progressive and signficant 
decline in mean systemic arterial pressure from 153 mm.Hg. at T = 0 to 96 
mm.Hg. by 6 hours. Similarly, there were significant falls In central venous, 
mean pulmonary artery and wedge pressures.

Heart Rate and Cardiac Index (graph 3). Heart rate did not change in 
controls but in dogs receiving TNF there was an early and persistent 
tachycardia.

For cardiac index, all values were rejected In 3 dogs because of 
unsatisfactory venous sampling. In one other dog, again because of sampling 
problems, the T = 0 value was unsatisfactory; this animal was given a T = 0 
dummy value equivelant to the mean of the T = 0 values for the same dog In 
two other studies. The cardiac index in control animals may have fallen over 
time (ANOVA, p = 0.01; Friedman, N5). In animals receiving TNF both 
parametric and non-parametric tests indicated that there was a fall over 
time (ANOVA, p => 0.01; Friedman, p < 0.001). However, there was no 
significant difference between control and TNF treated animals.

In one TNF and one control dog cardiac Index was estimated both by the 
Fick method and by thermodilution (TD). Thermodilution gave a mean Cl at T 
= 0 of 4.43, well within one standard deviation of the mean T = 0 value for 
other dogs in the same group measured by the method of Fick. The
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simultaneous values for these two methods are shown below. Open symbols 
represent one dog and closed symbols the other.

Graph 1; Cardiac Index by Thermodilution and Fick Method

Heart rate, mean arterial, central venous, pulmonary and wedge pressures 
were also recorded at 5 minute intervals for the first half hour in selected 
animals. There were no significant changes during this period (data not 
shown).

Systemic and Pulmonary Vascular Resistance. Systemic and 
pulmonary vascular resistance were corrected for changes In haematocrlt. 
The two groups had comparable values for resistance at T = 0 (CON = 32 
(±4), TNF = 30 (±2)). Over the 6 hour study the resistance increased by 13.5 
units in controls but the Increase in animals receiving TNF was only 2.9. 
Pulmonary resistance at T = 0 was 1.91 (±0.40) in controls and 1.61 (±0.14) 
in TNF dogs and tended to rise in both groups over time. The resistance 
figures were not submitted to statistical analysis.

2 -

♦  TNF; TD 
^  TNF; FICK 

CON; TD 
CON; FICK

i— |— i— i— .— |— .— i— .— i— .— j— i— i— .— |— ■— i
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a  Mean A rteria l 
Pressure
CON v TNF p= 0.0001*

(RM. ANOVA). 

CON v TNF at T = 0 NS

CON v TNF at T = 6 p < 0.002*

(MWU test) 

Absolute Values at T = 0;

CON - 152, TNF -  153

A Central Venous 
Pressure
CON v TNF p -  0.02*

(RM .ANOVA) 

CON v TNF at T » 0 NS

CON vTNF at T» 6 p < 0.05*

(MWU test) 

Absolute Values at T - 0;

CON-0.25. TNF - 1.00

A Mean Pulmonary 
Artery Pressure
CON v TNF p = 0.006*

(RM .ANOVA) 

CON v TNF at T -  0 NS 

CON v TNF at T = 6 p<0.001*

(MWU test) 

Absolute Values at T = 0;

CON - 12.5, TNF - 12.0

a  Wedge Pressure
CON v TNF p -  0.0001*

(RM .ANOVA) 

CON v TNF at T = 0 NS 

CON vTNF at T - 6 p < 0.05* 

(MWU test) 

Absolute Values at T -  0;

CON - 4.25, TNF = 3.75
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Heart Rate
CON v TNF p = 0.007*

(RM. ANOVA) 

CON v TNF at T -  0 NS 

CON vTNF at T * 6 p < 0.05* 

(MWU test)

Cardiac Index
CON v TNF p -  0.7

(RM.ANOVA) 

Non-parametric tests; NS

Hind limb Blood Flow, Resistance and Weight. Firstly, all estimations 
of hind limb flow at T = 0 were considered. Flow had been measured in 12 
dogs (6 control and 6 TNF animals), In two legs per dog and three times per 
leg at each time point; this gave a data set at T = 0 of 72 individual 
measurements. For technical reasons all values (at all time points) from the 
left leg of one dog and a single value at T = 0 in another dog were rejected. 
The remaining dataset (68 values at T = 0) gave a mean flow of 189 
mls./min. with a standard deviation of 96 and a standard error of 12. Then, 
all remaining flow values at all time points were considered. It was decided 
that all individual values greater than 2 standard deviations above this 
mean and greater than the other two estimations of the respective 
triplicate set were likely to represent technical errors and should be 
excluded. This led to the rejection of 6 more values. After these exclusions 
the mean hind limb flow at T = 0 was 172 + 8 mls./min., (mean + standard 
error).
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Limb blood flow did not change over time In control animals. However, in 
animals receiving TNF there was a significant fall (ANOVA, p = 0.005; 
Friedman, p < 0.05). The difference between groups is of uncertain 
significance (RM.ANOVA, p = 0.06; MWU at T * 6, p < 0.05). If limb flow is 
expressed as a percentage of cardiac output both groups show a small but 
non-significant rise over time. Hind limb resistance paralleled the changes 
in total systemic resistance, rising by 159 units in controls and by 96 in 
TNF dogs. Flow is shown below (graph 4);

210 -i

190 -£
£
$
£

170-

150->o
Lu 130-

1 1 0 -

♦  CON (n-6) 
TNF (n=6)90-

1 0 1 2  3 4 5 6

HOURS

Mean single leg weights (kg.) relating to dogs in part 1(b) are shown below 
(table 3);

GROUP WEIGHT ± S.E.M. AS % OF BODY WEIGHT

LE6 CON 1.895 (±0.064) 7.9
TNF 2.022 (±0.107) 7.8

There were no significant differences between left and right limbs or 
between control and TNF dogs (by parametric and non-parametric tests). As 
mentioned above, flow measurements were not satisfactory in one limb of 
one dog. The measurements of weight for this same limb were discarded and 
for the purposes of this and other calculations the excluded limb was 
assumed to have had flows and weights identical to the contralateral leg of 
the same dog.
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4.4 TEMPERATURE AND RESPIRATORY PARAMETERS

Temperature rose in control and TNF dogs, the rise being significantly 
greater in the TNF group. Shivering occured in both groups, tending to be 
more severe in those receiving TNF; this was not quantified.

Saline controls showed no change in minute ventilation but dogs receiving 
TNF showed a large and progressive rise. The greater ventilation of TNF dogs 
was attributable to an increase in respiratory rate rather than tidal volume.

Over the 6 hour study oxygen consumption did not change in controls but 
rose approximately 13% in TNF dogs. The two groups were significantly 
different. In the 12 animals having hind limb studies the leg oxygen 
consumption was calculated as the product of arteriovenous oxygen 
difference and flow. This tended to increase with time both in the controls 
and in the TNF dogs; there was no difference between groups. The latter data 
are shown in section 4.9, Table 6.
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Minute Ventilation
CON v TNF p- 0.0002*

CON v TNF at T = 0 

CON v TNF at T » 6

(RM .ANOVA) 

NS

p < 0.002*

(MWU test)

Oxygen Consumption
CON v TNF

CON v TNF at T -  0 

CON v TNF at T - 6

p * 0.002*

(RM .ANOVA) 

NS

p < 0.05* 

(MWU test)
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4.5 BLOOD GASES AND HAEMAT0L061CAL PARAMETERS

The arterial pH did not change significantly over time and there was no 
difference between groups. Controls and TNF dogs showed gradual falls of 
base excess and pC02 with time; these falls were significantly greater in 
the TNF group. The AV oxygen saturation difference increased in controls 
and TNF dogs, largely because of falls in venous saturation. Mean arterial 
saturation did not fall below 94% in any group. There may have been a 
difference between groups (ANOVA, p = 0.24; MWU, p < 0.02 at T = 6 hours).

The haematocrit did not change in controls but in TNF dogs there was a 
rise; the difference between groups was of uncertain significance 
((RM.ANOVA, p = 0.09; MWU at T = 6, p < 0.02).

The white count rose in controls whilst falling in TNF animals.

TABLE 4. Blood Gases and Haematological Parameters

PARAMETER HOURS CON
(n - 12)

TNF
(n - 12)

Parametric
(RM.ANOVA)

Non-parametric
(MWU)

Arterial pH 0 7.33 ±0.01 7.31 ±0.01 NS
3 7.33 ±0.01 7.35 ±0.01
6 7.33 ±0.01 7.33 ±0.01 p - 0.83 NS

Base Excess 0 -2.9 ±0.6 -3.3 ±0.5 NS
3 -2.9 ±0.2 -4.5 ±0.5
6 -4.2 ±0.6 -7.0 ±0.8 p - 0.04 * p < 0.02 *

Arterial pC02 0 42.6 ±1.9 43.1 ±2.6 NS
(mm.Hg.) 3 40.6 ±2.1 31.6 ±2.0

6 36.8 ±1.6 28.3 ±2.0 p = 0.04 * p < 0.01 *

A-V Saturation 0 18.0 ±1.8 17.4 ±1.6 NS
Difference (%) 3 22.3 ±2.8 24.7 ±1.9

6 23.1 ±1.6 30.8 ±2.3 p = 0.24 <0.02

Haematocrit (%) 0 34.6 ±1.5 33.5 ±1.4 NS
3 34.7 ±1.1 38.9 ±1.7
6 34.6 ±1.1 41.5 ±1.6 p = 0.09 < 0.02 *

White Count 0 8642 ±900 10791 ±800 NS
(cells/pL) 3 12300 ±800 4927 ±700

6 15150 ±1100 6364 ±900 p = 0.0005 * p < 0.002 *

The numbers for each group were as stated at the head of each column with the exception of white count 

for which there were only 11 animals in the TNF group. The analysis of variance uses data at all 3 time 

points. The Mann-Whitney U test considers data at T ■ 0 and at T -  6. An asterisk indicates statistical 

significance.
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4.6 SUBSTRATE CONCENTRATIONS

Blood pyruvate and lactate concentrations did not change in controls but 
rose in TNF dogs. Blood glucose did not change in controls whilst there was 
a significant fall in dogs receiving TNF.

Triglycerides fell in controls and rose in TNF dogs but there was no 
significant difference between groups. Free fatty acids tended to rise in 
both animal groups.

Total amino acid nitrogen did not change in controls. In dogs receiving TNF 
there tended to be a fall at 1.5 hours followed by a gradual rise. There was 
no overall difference between groups. The graph for total amino acid 
nitrogen is followed by two others showing the relative contributions of 
alanine and glutamine.

86



0.16-n

0.14-

0 . 12 -

0 . 10 -
bJ

< 0.08- 

|  0.06- 

0.04- 

0 .02 -

♦  CON (n-12) 
-o- TNF (n-12)

0.00
3.5

3.0

2.5-

j*j 2 .0  -

§  1.5 

J  1.0 

0.5 H 

0.0

->—i—«—r i — 1— r i—•—i—'

♦  CON (n-12) 
-o- TNF (n-12)

->— i— •— i— «— r t—•—i—■—r
6.5 -i

♦  CON (n-12) 
-o- TNF (n-12)6 .0 -

5.5-

5.0-

4.5-

g  4.0- 

3.5-

3.0-

2.5 4 
90-|

CON (n=6) 
-o- TNF (n=6)80-

co 70-ui
Q
|  60- 

|  50- 

40-

1 2  3 4 5 61 0

GRAPH 6 

Pyruvate
CON v TNF

CON v TNF at T -  0 

CON v TNF at T = 6

Lactate
CON v TNF

CON v TNF at T - 0 

CON v TNF at T -  6

Glucose
CON v TNF

CON v TNF at T -  0 

CON v TNF at T -  6

p - 0.001*

(RM.ANOVA).

NS

p < 0.002*

(MWU test)

p= 0.0001*

(RM .ANOVA) 

NS

p < 0.002*

(MWU test)

p - 0.02*

(RM.ANOVA)

NS

p < 0.05* 

(MWU test)

Triglycerides
CON v TNF p-0.59

(RM .ANOVA) 

Non-parametric tests; NS

HOURS

87



JIM 
JIM 

JIM 
m

E
q/

L 
GL

UT
AM

IN
E 

AL
AN

IN
E 

TO
TA

L 
AM

IN
O 

AC
ID 

NI
TR

OG
EN

 
FR

EE
 

FA
TT

Y 
A

C
ID

S

1400-1

1200-

1000 -

800-

♦  CON (n=6) 
-*• TNF (n=6)

600-

400 H 
7000 n

♦  CON (n=6) 
-o- TNF (n-6)

6000 -

5000 -

4000-1
700-1

600-

500-

300-

200 H
1100 -i

-*• CON (n*6) 
-®- TNF (n-6)1000 -

900-

800-

700-

600 -

500
1 0 1 2  3 4 5 6

HOURS

GRAPH 7

Free Fatty  Acids
CON v TNF p - 0.73

(RM .ANOVA). 

Non-parametric tests; NS

Amino Acid Nitrogen
CON v TNF p- 0.84

(RM .ANOVA) 

Non-parametric tests; NS

Alanine
CON v TNF p = 0.005*

(RM .ANOVA) 

CON v TNF at T * 0 NS 

CON v TNF at T - 6 p < 0.01*

(MWU test)

Glutamine
CON v TNF p= 0.40

(RM.ANOVA) 

Non-parametric tests; NS
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4.7 UREA NITROGEN AND CREATININE

The circulating urea nitrogen concentration declined in controls and TNF 
dogs, there being no significant difference between groups at either time 
point The serum creatinine was significantly higher in TNF dogs, both at 0 
and 6 hours, though the numerical differences were small.

TABLE 5. Urea Nitrogen and Creatinine

HOURS CON
(n - 10)

TNF 
(n “  9)

Unpaired t test Mann-Whitney U

Urea Nitrogen 0 15.6 ±1.3 17.4 ±0.6 p = 0.23 NS
(mg/dl) 6 12.0 ±1.0 14.0 ±1.4 p = 0.31 NS

Creatinine 0 0.66 ±0.03 0.79 ±0.03 p * 0.01 * p < 0.02 *
(mg/dl) 6 0.61 ±0.04 0.87 ±0.07 p* 0.004 * p<0.01 *

4.8 HORMONES

ACTH, cortisol and glucagon did not change in saline controls but there 
were large and rapid rises in dogs receiving TNF. With respect to insulin the 
control and TNF groups did not differ. Adrenaline did not change in the 
control group: in dogs receiving TNF there was li t t le  change for the f irs t  
three hours but by the end of the study there had been a large increase. With 
regard to nor-adrenaline the controls and TNF dogs showed a significant rise 
over time but the difference between them was not itse lf signficant. It can 
be seen from the graph that, as w ith adrenaline, this change occured mainly 
during the second three hours of study.
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ACTH
CON v TNF p -  .0004*

(RM.ANOVA). 

CON v TNF at T - 0 NS 

CON v TNF at T * 6 <0.01*

(MWU test)

Cortisol
CON v TNF

CON v TNF at T -  0 

CON v TNF at T -  6

p- .0001*

(RM.ANOVA) 

NS 

< 0 .01*  

(MWU test)

Glucagon
CON v TNF

CON v TNF at T -  0 

CON v TNF at T -  6

p - 0.002*

(RM.ANOVA)

NS

p < 0.02*

(MWU test)
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Insulin
CON v TNF p = 0.8

(RM.ANOVA). 

Non-parametric tests; NS

Adrenaline
CON v TNF p= .02*

(RM.ANOVA) 

CON v TNF at T -  0 NS 

CON v TNF at T « 6 <0.01*

(MWU test)

Nor-adrenal Ine
CON v TNF p = 0.24

(RM .ANOVA) 

Non-parametric tests; NS
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4.9 HIND LIMB SUBSTRATE EXCHANGE

At the beginning of the experiment control and TNF dogs had sim ilar rates 
of leg oxygen consumption and did not d iffe r w ith  respect to glucose, 
lactate, pyruvate or total amino acid nitrogen flux. At 6 hours the glucose 
AV difference and glucose flux was significantly greater in TNF dogs. 
Formal testing revealed that for glucose and amino acids the variances of 
the data in the two groups were not significantly different or skewed. For 
glucose, the power to detect the observed between-group differences was 
approximately 95%.

With time the hind limbs of all dogs tended to consume more oxygen and to 
release lactate and pyruvate. There were no differences between groups but 
the error of measurement was quite large w ith a correspondingly small 
power to detect differences. For lactate and pyruvate mathematical 
transformations (Emerson and Stoto, 1983) failed to equalise the 
inhomogeneous variances or minimise spread of the data.

Amino acid nitrogen flux did not change over time in either study group.
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TABLE 6 . Hind limb Substrate Exchange.

GROUP TIME
hours

AV DIFFERENCE 
pmoles/ml.

SINGLE LEG FLUX 
Mmoles/min./hind limb weight

GLUCOSE CONTROL 0 0.10 ±0.06 + 11.2 ±4.3
6 0.01 ±0.06 +0.4 ±4.9

TNF 0 0.08 ±0.01 +5.4 ±1.5
6 0.31 ±0.03 + 13.0 ±1.4 *

LACTATE CONTROL 0 0.05 ±0.06 +5.3 ±6.6
6 -0.11 ±0.02 -8.9 ±2.6

TNF 0 0.07 ±0.05 +6.8 ±5.0
6 -0.21 ±0.16 -8.1 ±4.8

PYRUVATE CONTROL 0 0.001 ±0.001 +0.15 ±0.10
6 -0.012 ±0.002 -1.08 ±0.38

TNF 0 0.011 ±0.008 + 1.04 ±0.84
6 -0.024 ±0.022 -0.72 ±0.59

AMINO ACID CONTROL 0 -0.221 ±0.061 -20.56 ±5.64
NITROGEN 6 -0.308 ±0.091 -20.50 ±5.37

TNF 0 -0.344 ±0.087 -25.09 ±5.19
6 -0.564 ±0.072 -26.36 ±6.32

mis of 02/dl mis 02/min/hind limb weight
OXYGEN CONTROL 0 2.34 ±0.42 +2.19 ±0.37

6 4.06 ±0.43 +3.47 ±0.81

TNF 0 3.01 ±0.58 +2.33 ±0.33
6 9.20 ±1.06 * +4.09 ±0.68

Values are means ± standard error. For CONTROL and TNF groups, n « 6. A positive sign Indicates net hind 

limb uptake. Differences between control and TNF groups were tested for at T ■ 0 and T - 6 using ANOVA 

and Tukey's HSD procedure. An asterisk indicates a group to be significantly different from the 

corresponding control group at the same time point.
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4.10 GLUCOSE TURNOVER STUDIES.

At T = 0 the glucose production rate (Ra glucose) was 26.2 
jimoles/min./kg. in controls and 26.5 in animals receiving TNF. At 6 hours 
glucose production rate in controls was 20.8. In contrast, i t  rose to 32.5 in 
the TNF animals. The value for TNF animals was significantly greater than 
that for controls by a paired t  test, (these animals were paired). A Wilcoxon 
rank test could not be used due to small group numbers. However, in all 
control animals the rate of glucose production and utilisation fe ll over the 6 
hour study w h ils t in all TNF animals both these variables showed a rise.

TABLE 7. Glucose Production, Utilisation and Clearance

HOURS CONTROL 
(n ■ 4)

TNF 
(n * 4) ttest

Ra glucose (production) 0 26.2 ±2.9 26.5 ±2.1 0.95
(pmol/min/kg body weight) 6 20.8 ±2.0 32.5 ±0.7 0.001 *

Rd glucose (utilisation) 0 26.1 ±3.0 26.4 ±2.2 0.93
(pmol/min/kg body weight) 6 20.7 ±1.9 32.7 ±0.9 0.001 *

Metabolic clearance rate 0 5.6 5.7
for glucose (mls/kg/mln) 6 4.5 9.0

Values are means ± standard error. An asterisk Indicates a value to be significantly different from the 

control value at the same time point (paired t test).

4.11 URINE

During the 6 hours of study control dogs passed 5.2 ±1.5 mls./kg.; the urine 
volume for TNF dogs, 22.4 + 3.0 mls./kg., was significantly greater. The 
nitrogen excretion of control dogs was 113 + 8 mg./kg. /6 hours. TNF animals 
excreted 165 +15, a significantly greater amount. This was due to there 
being a significantly greater excretion of creatinine and urea nitrogen. 
There were no differences in ammonia excretion. Urinary glucose loss was 
significantly greater in the TNF animals but the quantity was small.
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TABLE 8. Urinary Parameters (6 hour values, corrected for body weight)

GROUPS Volume Total N Urea N Creat Ammonia Glucose

(ml ./kg.) (mg ./kg.) (mg ./kg.) (mg ./kg.) (mg ./kg.) (Mmoles/kg.)

CON (n -  12) 5.2 ±1.5 113 ±8 96 ±9 6 ±3 4 ±1 5.7 ±1.4

TNF (n * 9) 22.4 ±3.0 165 ±15 148 ±15 10 ±8 4 ±1 18.0 ±2.3

ttest 0.0001 0.004 0.005 0.0002 NS 0.0001

nw-u < 0.002 <0.01 <0.01 < 0.002 NS <0.01

The third row gives probability values for differences between controls and TNF dogs.

4.12 POST MORTEM FINDINGS

In control animals the major organs appeared normal. A degree of posterior 
and basal atalectasls was usual In the lungs. The spleen was large or of 
moderate size. In dogs that had received TNF patchy atalectasls was usual in 
the lungs; this tended to be more severe than In controls. In the stomach 
there was sometimes mucosal reddening, particularly at the apices of rugal 
folds. Sometimes there was patchy mucosal oedema and on occasions the 
mucosa was purplish suggesting a degree of congestion. There was diffuse 
reddening and oedema of the small bowel mucosa; this was more obvious In 
the proximal than in the distal regions but occured throughout. It was 
mainly linear in pattern and on closer inspection appeared to consist of 
many small punctate haemorrhages. There was frequently a small amount of 
free blood lying on the mucosal surface. Sim ilar features were noted In the 
ascending and descending colon, though to a lesser degree. In one case the 
entire distal 4 feet of small bowel mucosa were covered by a 
pseudomembrane. The spleen was sometimes small, sometimes of moderate 
size. There was brownish discolouration of the adrenals. As was mentioned 
in the section on survival, one animal did not regain health after receiving 
TNF and was eventually sacrificed. An ileo-caecal Intussusception was the 
only abnormality.

All catheters In groin flux preparations were found to be satisfactorily 
sited, as were the various venous infusion lines w ith the exception of one 
mixed venous sampling line which was found to be sited In a chest wall 
vein; accordingly, the mixed venous values for this animal were discarded.
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4.13 STUDIES IN CONSCIOUS DOGS

Two dogs each received saline and TNF, on separate occasions. The 
following table sets out the study group details;

TABLE 9. Group Characteristics, Study 1(c)

STUDY GROUP WEIGHT (RANGE) NUMBER MALE/FEMALE

2. Awake CON 28 (25-30) 2 0 /2

TNF 28 (25-30) 2 0 /2

CON = control. Mean weight is given to the nearest kilogramme.

4.14 GENERAL OBSERVATIONS AND SURVIVAL DATA

The operative procedures were without complication and blood loss was 
minimal. Both of the conscious TNF treated dogs vomited and one of them 
defaecated. Neither of the conscious controls did either. One TNF treated 
animal was noted to have blood in its  stool on the day following the study. 
Appearances on post-study days 1, 2 and 3 were not different from those 
observed in anaesthetised animals, Both animals survived both studies.

4.15 BLOOD PRESSURE. HEART RATE AND TEMPERATURE

Mean arterial pressure did not change In controls but In TNF animals there 
was a progressive decline. Towards the end of the study the heart rate 
tended to be higher in animals receiving TNF though this effect was not as 
marked as i t  had been in anaesthetised dogs. Rectal temperature fe ll 
slightly in saline controls and rose in TNF treated dogs.
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4.16 BLOOD GASES AND HAEMATOLOGICAL PARAMETERS

Arterial pH did not change over time and there was no difference between 
groups. Base excess and pC02 fe ll in both groups, these fa lls  being more 
pronounced in the TNF treated animals. The arteriovenous (AV) percent 
oxygen saturation difference increased in controls and TNF dogs, the rise 
being greater in the TNF group. The haematocrit dropped slightly in controls 
and rose in TNF treated animals. There was no change in the white count in 
control animals whilst in TNF treated dogs the count dropped from 15,900 
cells/jJiL at T = 0 to 3,600 at T s 6 hours.

TABLE 10. Blood Oases and Haematological Parameters

PARAMETER HOURS CON-AWAKE 
(n -  2)

TNF-AWAKE 
(n ■ 2)

Arterial pH 0 7.38 7.39
3 7.37 7.42
6 7.38 7.36

Base Excess 0 -2.8 -3.4
3 -3.9 -4.2
6 -3.4 -7.1

Arterial pC02 0 32.7 30.9
(mm.Hg.) 3 32.2 24.3

6 32.1 25.6

A-V Saturation 0 23.5 19.6
Difference (8) 3 31.1 35.5

6 26.6 36.5

Haematocrit {%) 0 36.3 36.3
3 36.5 37.2
6 34.0 38.9

White Count 0 24500 15900
(cells/pL) 3 25650 3200

6 24200 3600
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4.17 SUBSTRATE CONCENTRATIONS

Blood concentrations of pyruvate, lactate and glucose did not change in 
controls; in TNF treated dogs pyruvate and lactate rose w hils t glucose fell. 
Triglyceride concentrations tended to fa ll in controls w h ils t in TNF treated 
animals there was a rise towards the end of the study. Free fa tty  acids 
tended to rise in both groups. Total amino acid nitrogen fe ll s lightly in 
controls. In dogs receiving TNF there tended to be a dip at 1.5 hours followed 
by a gradual rise. The graph for total amino acid nitrogen is followed by two 
others showing the relative contributions of alanine and glutamine.
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4.18 UREA NITROGEN AND CREATININE

Urea nitrogen and creatinine tended to fa ll in controls w h ils t rising 
slightly in TNF treated animals.

TABLE 11. Urea Nitrogen and Creatinine

HOURS CON-AWAKE
(n-2)

TNF-AWAKE
(n-2)

Urea Nitrogen 0 11.7 14.4
(mg/dl) 6 10.0 16.1

Creatinine 0 0.85 0.75
(mg/dl) 6 0.75 0.90

4 .1 9  HORMONES

ACTH, cortisol and glucagon did not change in saline controls but there 
were large and rapid rises in TNF treated dogs. Insulin tended to fa ll In both 
groups though the TNF animals did show an in itia l brief rise. Adrenaline did 
not change In control animals. In dogs receiving TNF there was li t t le  change 
for the f irs t  three hours but by the end of the study there had been a large 
Increase. Similar though less marked differences were observed for nor
adrenaline.
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CHAPTER 5; Discussion of Results from  Study 1

Study 1 began by describing the effects of TNF In the anaesthetised dog. 
The findings w ill be discussed in turn.

5.1 Haemodynamic Effects.

It is appropriate to begin by considering several points of methodology. 
Dogs varied w ith respect to the number of carotids surgically occluded at 
the time of study. Carotid occlusion causes carotid sinus hypotension which 
in turn leads to increased baroreceptor activ ity  and systemic hypertension. 
At T = 0 those animals w ith two carotids occluded had arterial pressures 
which were approximately 10 mmHg. higher than those w ith only one 
occluded. This difference was not significant and was not a determinant of 
subsequent cardiovascular responses. Nevertheless, partly because of this 
concern, and also because of the inherent d ifficu lty  in zeroing a column of 
mercury to a standard plane through the dog’s heart, pressure data were 
expressed as deltas. Occlusion of carotid arteries also causes transient 
alterations in regional flow but it  has been demonstrated by Bond and Green 
(1969) that animals w ith steady state bilateral carotid occlusion have 
muscle, visceral, renal and aortic flows which do not d iffe r significantly 
from control states.

The starting values (T = 0) for the various haemodynamic parameters were 
w ithin the normal range for dogs (Altman and Dittmer, 1970). The mean 
cardiac index at T = 0, by the method of Fick, was at the high end of the 
reported range (Altman and Dittmer, 1970: Howell et al., 1959). It is 
possible that venous sampling catheters were situated too far peripherally. 
Alternatively, there may have been small bubbles of air in the venous 
sampling syringes. Whilst these concerns are real they are not of great 
importance since I was more concerned w ith  changes over time than w ith 
absolute values.

The values for cardiac index arrived at by thermodilution tended to be 
lower than those obtained by the Fick method w h ils t trends over time were 
sim ilar in direction and magnitude.

The dye dilution technique used to determine limb flow requires that 
certain crite ria  be met (Andres, et al., 1953: Meier and Zierler, 1954)). 
Firstly, "steady-state" conditions are required; the rate of ’dye’ removal 
should match the rate of its  infusion and the arterial concentration should 
have reached a plateau. The f irs t  determination of flow was not made until
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the PAH infusion had been running for 1 hour, by which time a steady-state 
would have been established (Katz and Bergman, 1969). Secondly, the dye 
should be uniformly distributed throughout the vascular bed of the organ or 
tissue mass under study. The extent to which this condition was satisfied 
was not determined. Thirdly, there should be no other major arterial input to 
the tissue mass or organ of study since this could dilute the dyed blood in an 
uneven fashion. The dog has a caudal gluteal artery which arises high on the 
internal iliac and does feed some of the gluteal tissues. A small amount of 
blood from this vessel might drain into the femoral vein distal to the 
sampling cannula and could cause a small overestimation of flow rate. 
Fourthly, flow to the organ under study and tissue uptake or release should 
be relatively constant during the period of measurement; there is no reason 
to suppose that these were changing at the time of measurement. With these 
requirements in mind it  is appropriate to have less confidence in the 
absolute flow values than in changes over time. Nevertheless, mean hind 
limb blood flow at T = 0 was 172 + 8 mls./min. This is in agreement, both in 
an absolute sense and as a fraction of cardiac output, w ith values in the 
literature (Donald et al., 1970).

TNF caused a gradual fa ll in mean systolic pressure without altering 
cardiac index. There were early and progressive fa lls  in central venous and 
wedge pressures so the fa ll in arterial pressure may have been partly due to 
a loss of flu id from the vascular compartment. This is suggested by the 
tendency for haematocrit to rise, oedema of the gut mucosa -  perhaps the 
only visible sign of more generalised oedema, and the large volume of urine 
which these animals produced (resembling the 'inappropriate polyuria' of 
sepsis). There are reasons to suppose that TNF could cause an increase in 
vascular permeability and thus a sequestration of flu id w ith in the tissues 
since i t  reduces transmembrane potential in v itro  and in vivo (Tracey et al., 
1986(ii): 1987(D), damages vascular endothelium in v itro  and also 
diminishes cell to cell adherence in v itro  (Sato et al., 1986; Stolpen et al., 
1986). The fa lls  in central venous and wedge pressures could also be 
explained by a gradual Increase in venular capacity, as has been thought to 
occur following endotoxin administration (Brockman et al., 1967).

The maintenance of an adequate perfusion pressure is a homeostatic 
requirement of the f irs t  order and normally the body responds to a falling 
intravascular volume and hypotension by releasing catecholamines, 
increasing vasoconstrictor tone and reducing urine output. These animals did 
not have such responses. The infusion of TNF was not accompanied by an 
increase in systemic vascular resistance, hind limb resistance did not
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Increase, the hind limbs continued to receive the same proportion of cardiac 
output as controls, a large amount of urine was produced and 
catecholamines, although present in increased concentrations in the blood, 
appeared to be ineffective. These observations suggest that 
sympathomedullary reflexes were intact but end-organ responses were 
inadequate.

Before discussing vascular resistance i t  should be mentioned that a 
corrected index was used throughout. Vascular resistance is determined by 
blood viscosity and by vascular tone, i wished to use the calculated 
resistance as an index of vasoconstrictor tone. Since the haematocrit, a 
major determinant of blood viscosity, was changing w ith time i t  was 
necessary to correct for this. In saline controls the systemic resistance 
rose by 13.5 units w h ilst in TNF dogs i t  rose by only 2.9 units. These 
changes were reflected in the hind limb resistance which rose by 159 units 
in controls and by only 96 units in TNF dogs. As was mentioned earlier 
(Green et al., 1944) If Intra-vascular pressure falls, other things being 
equal, the calculated SVR rises because the vessel calibre decreases. 
Therefore, when TNF dogs show an increment in SVR of 2.9 units together 
w ith a sizeable fa ll in pressure it  follows that this calculated change 
overestimates the actual increase In constrictor tone. Theoretically 
therefore the effective constrictor tone in control and TNF dogs differs to 
an even greater extent that the figures for SVR would suggest. Recent 
studies in rats have confirmed that TNF causes a fa ll in systemic vascular 
resistance (Schlrmer et al., 1989)

An inappropriately low systemic resistance is a recognised feature of 
endotoxaemia (Hinshaw et al., 1958). Circulating prostaglandins are known 
to be increased in endotoxaemia and after TNF infusion (Fletcher et al., 
1976: Kettlehut et al., 1987). It is possible that these prostaglandins may be 
opposing normal vasoconstriction, either directly as smooth muscle dilators 
or by mechanisms described in the Hedqvist hypothesis (1970 (i), (ii)).

In summary, systemic hypotension is probably due to a decline in 
Intravascular volume to which there Is an Inadequate vasoconstrictor 
response. There may in addition be an increase In venular capacity. Taking 
into account the flu id load provided in this study, the overall picture of an 
inappropriately low systemic resistance w ith falling systemic, central 
venous and wedge pressures resembles the haemodynamic responses to 
endotoxin which have been described in the past.

In other respects the response to TNF differs from that to endotoxin. It 
w ill be remembered that endotoxin administration causes a biphasic 
response in blood pressure w ith profound early hypotension (Gilbert, 1960).
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An early precipitous fa ll did not occur w ith TNF. This may have been because 
TNF was given as a 6 hour infusion rather than as a bolus. To examine this 
possibility the 6 hour dose was given to one dog as a 30 second bolus; the 
main fa ll in pressure did occur during the f irs t  hour but this was not as 
sudden a drop as is normally seen after endotoxin;
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If this observation were to be confirmed in other animals it  would suggest 
that the severe hypotension commonly seen In the f irs t  5 minutes after 

| endotoxin administration is due to agents other than TNF. Endotoxin is
I known to activate complement; this could cause mast cells to release
| histamine which might in turn be the cause of such sudden hypotension (Vick
| et al., 1971).

Dogs receiving TNF showed a significant faJJ in mean pulmonary artery 
pressure. This has been reported in experimental canine endotoxaemia but a 

| rise is more typical, not only in dogs but also in sheep and men. There have 
been no other reports of pulmonary pressure measurements after TNF 
administration in dog or man and i t  is d iff ic u lt to relate this isolated 
observation to findings in endotoxaemic dogs since the la tte r frequently 
have changes in systemic pressure and venous return which might 
independently alter pulmonary pressures (v.i.).

5.2 Respiratory and Blood Gas Changes. TNF caused a very marked 
increase in minute ventilation which was reflected in a falling pC02. Such 
hyperventilation is a well recognised if  poorly understood feature of 
endotoxaemia (Moser, 1963: Guenter et al., 1969). The reason for the
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Increased ventilation In this study is not clear but the fact that the animals 
were anaesthetised rules out anxiety as a cause. It may have been a 
compensatory response to increasing base excess but the speed of onset and 
magnitude of increase suggest that TNF acted as a primary stimulant.

Arterial p02 was well maintained in all animal groups indicating that 
pulmonary gas exchange was not significantly impaired. This observation, 
together w ith the absence of pulmonary hypertension and minimal pulmonary 
changes at post mortem examination suggest that the severe pulmonary 
damage reported to follow high dose TNF administration (Tracey et al., 
1986(1): 1987(D) does not occur in dogs at the dose used here.

Arterial pH was normal throughout. The stab ility  and normality of blood pH 
together w ith the lack of hypoxia are important since apart from testifying 
to s tab ility  of the animal preparation they indicate that the observed 
effects are more likely to have been primary effects of TNF, without the 
superimposed preterminal events of a dying organism. It has already been 
demonstrated that higher doses of TNF cause severe metabolic acidosis 
(Tracey et al., 1986(1)), as do sufficient amounts of endotoxin.

5.3 Metabolic and Acute-Phase Changes, Substrate and Hormone 
Concentrations. TNF caused a rise in body temperature and oxygen 
consumption. These changes are well known occurences in endotoxaemia 
(Elin et al., 1981: Revhaug et al., 1988). The fever may be due to TNF acting 
directly on the hypothalamus, or via the induction of IL-1 synthesis 
(Dinarello et al., 1986).

There was a marked leucopenla which was due to fa lls  in mature 
polymorphs, lymphocytes and monocytes, partly offset by a rise in Immature 
polymorphs (data for differential count not shown). Falls in lymphocytes 
(Revhaug et al., 1988) and monocytes have been reported In human 
endotoxaemia but these are usually accompanied by an overall neutrophil 
leucocytosis which is due to release of granulocytes from the marrow 
(Wolff et al., 1965(1), (ID). The reason why TNF does not have this effect 
may be related to the animal preparation In use; It has previously been noted 
that w hilst a granulocytosis is usual in human endotoxaemia a neutropenia 
is sometimes seen in animals (Wolff, 1973). This may reflect the dose of 
endotoxin used in the different species or may indicate a more fundamental 
difference. Counts of immature polymorphs Indicate that TNF does cause a 
release of immature granulocytes and there is in vivo evidence that TNF 
causes the transcription and production of granulocyte-macrophage-CSF 
(Kaushansky et al., 1988). However, TNF also increases the adherence of 
neutrophils to the endothelium and this effect may be so marked that no
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recovery In white cell count is observed w ith in 6 hours (Gamble et al., 
1985). The severity of the leucopenia may be explained by the fact the TNF 
was Infused into the vascular compartment, a practice which is unlikely to 
mimic physiological release and which would be expected to have prominent 
effects upon elements circulating within that compartment.

Other recognised acute-phase events such as a fa ll in serum iron or rises 
in serum fe rritin  and C-reactive protein were not studied.

Blood lactate and pyruvate increased in dogs receiving TNF. Lactate is 
frequently elevated in canine endotoxaemia. This is generally assumed to 
indicate tissue hypoxia but there are other causes (Brooks G.A., 1986). It is 
well established, for example, in humans and animals, that hyperventilation 
w ith its  attendant hypocapnia leads to elevations of blood lactate (and 
pyruvate) (Eldridge and Salzer, 1967). In TNF dogs lactate rose by 1.4 and 
pyruvate by 0.07 mmoles/L. These rises are small in comparison w ith those 
seen in many animal models of endotoxaemia and are of an order which can 
be adequately accounted for by the degree of hypocapnia (Eldridge and 
Salzer, 1967). The 3 to 5 fold Increases in lactate reported to occur in rats 
receiving TNF (Tracey et al., 1986(D) are more probably due to the 
hypotension of such animals than to any specific TNF effect. It Is 
interesting to note that when TNF was given to a dog w ith pre-existing 
respiratory disease, (this animal was not a member of any of the study 
groups in this thesis), the systemic arterial pressure fe ll in the usual way, 
the dog was not able to increase its  minute ventilation, C02 was retained 
and lactate and pyruvate did not change.

With regard to free fa tty  acids and triglycerides no conclusions could be 
drawn from the data. This was surprising since raised lipid levels have been 
reported in endotoxaemia (Hirsch et al., 1964) and TNF is known to suppress 
LPL (Beutler et al., 1985 (iii). The data suggest that serum triglycerides may 
have been rising towards the end of the study.

Although there were no significant between group differences in blood 
amino acid nitrogen concentration, a pattern was noted. All dogs receiving 
TNF showed an early fa ll after which concentrations gradually rose, tending 
to finish at higher levels (largely attributable to changes in alanine and 
glutamine). In contrast, endotoxaemic states are associated w ith lowered 
blood amino acid levels. It is likely that circulating amino acid levels 
reflect a balance between release from skeletal muscle and uptake by 
visceral organs. However, in this study, amino acid flux across the hind limb 
was only measured at 0 and 6 hours and i t  is d ifficu lt, w ith such limited 
information, to interpret changes in the circulating pool.
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The pronounced early elevations In ACTH and cortisol suggest that TNF or 
an intermediate cytokine has direct effects upon this neurohormonal axis. 
These hormonal elevations were sim ilar to those reported in humans 
receiving endotoxin but they occured without the in itia l latency period of 60 
to 90 minutes. This latency period may represent the period during which 
TNF (or other mediators) are synthesised and released (Michie et al., 1988). 
Adrenaline levels did increase but w ith a time course suggesting the release 
was a response of the sympathetic nervous system to hypotension rather 
than a primary effect of TNF. The extent to which catecholamines are 
released as a primary effect of endotoxin is not clear. Firstly, the 
administration of endotoxin to humans does cause an increase in 
catecholamines but this may be a measure of the anxiety and flu ' like 
symptoms which these subjects experience. Secondly, most studies in 
animals have resulted in such marked hypotension that a secondary adrenal 
response was inevitable.

The changes of insulin, glucagon and blood glucose are discussed in the 
following section.

5.4 Blood Glucose and Glucose Turnover Studies. The isotope used in 
this study was 6,6,2D2 -glucose. This yields values for glucose production 
which represent the rate of appearance of glucose from non-recycled 
precursors plus the appearance of glucose from the recycling of three 
carbon molecules (mainly alanine and lactate); I.e., i t  measures the total 
appearance of new glucose. Non-steady state conditions were assumed and 
the values referred to throughout were calculated using the equations of 
Steele. The close s im ilarity  between rates of appearance and disappearance, 
both before infusion of TNF and in the last half hour of study, Indicates that 
the dogs were In steady state during both these periods. (Having found this 
to be the case the values for Ra and Rd glucose were re-calculated using the 
steady-state equation - which requires no Independent constants. The values 
calculated by this second method were almost identical to those determined 
by the f irs t  method. They are not given here, nor discussed further).

The administration of TNF caused blood glucose concentration to fall. Early 
hyperglycaemia has been reported to occur in rats receiving TNF (Tracey et 
al., 1986(i): Kettlehut et al., 1987) and may have been missed in this study 
since the f irs t  sample was not taken until 1 hour had passed. Hypoglycaemla 
is frequently reported in animal endotoxaemia and has been considered to 
contribute to lethality but i t  is a change so frequently accompanied by 
severe hypotension that interpretation has been d iff icu lt (Hinshaw, 1976). 
In human sepsis the blood glucose level is usually elevated though in
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decompensated sepsis, as discussed in the Introduction, hypoglycaemia can 
occur. In this study the fa ll in glucose occured during the f irs t  3 hours, 
when changes in arterial pressure were slight. It was therefore during this 
period that glucose consumption exceeded the rate of production. At the 
outset glucose was being produced at a rate of 26.2 +2.9 jimoles/min./kg. in 
controls and 26.5 ±2.1 in TNF dogs; rates sim ilar to those reported for 
conscious fasted dogs (Wolfe et al., 1977). In the last half hour of TNF 
infusion the production rate had fallen to 20.8 +2.0 In controls. Since the 
blood glucose did not change in these animals there must have been a 
comparable fa ll in utilisation and the calculated value for Rd (glucose) 
confirms that this was so. In dogs receiving TNF the production rate 
increased to 32.5 +0.7 w h ils t blood glucose fell. It is clear that, relative to 
the rate of glucose utilisation, production was inadequate in these animals. 
This finding is sim ilar to that of Wolfe et al. (1977); dogs receiving 
endotoxin were seen to have glucose utilisation rates which outstripped the 
rate of production. In the present study i t  cannot be determined whether 
this deficiency of production was partly due to an impairment of 
gluconeogenesis since i t  is not know what the rate of glucose production 
would have been In an otherwise healthy dog w ith these particular substrate 
and hormone concentrations. However, Elgler et al. (1979) have infused 
cortisol, glucagon and epinephrine into healthy conscious fasted dogs and 
achieved hormone concentrations of 7-9 ug./dl. for cortisol and 180-250 
pg./ml. for glucagon. Epinephrine was not measured but was thought to be 
w ithin the physiological range for a stress response. The glucose production 
rate increased from 11 pmnoles/min./kg. to 24 w ith in 5 hours. The hormone 
levels of this study were higher than those achieved by Eigler, as was the 
glucose production rate. This comparison indicates that the increase in 
glucose production shown by TNF dogs, and its  absolute value, were indeed 
of an order that might be expected from the prevailing hormonal 
concentrations but does not rule out impaired gluconeogenesis. By 6 hours 
the systemic arterial pressure had fallen and the likely reduction in hepatic 
blood flow may have lim ited a further Increase in glucose production. 
Indeed, recent studies by Schirmer et al. (1989) have shown, in rats, that 
effective hepatic blood flow is extremely sensitive to TNF. With regard to 
substrates it  is unlikely that 3-carbon precursors were in short supply 
since blood concentrations of both alanine and lactate were elevated. 
Hepatic delivery of oxygen may have been inadequate.

The isotopic data therefore demonstrate that TNF, like endotoxin (Wolfe et 
al., 1977), causes a marked increase in the Rd (glucose) and the metabolic 
clearance rate (NCR) of glucose. TNF also caused a significant increase in
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the amount of glucose lost in the urine but in numerical terms this was a 
small amount and explains only a small fraction of the overall increase in 
the rate of glucose disappearance. As was discussed in the introductory 
section, glucose utilisation Is known to be increased in sepsis and, more 
specifically, there are reasons to suppose that there may be an increased 
uptake of glucose into skeletal muscle during endotoxaemia. The possibility 
that TNF might mediate such an effect was investigated by measuring its  
effect upon the exchange of glucose across the hind limb. At T = 0 control 
animals were taking up 11.2 ±4.3 jimoles/min./per kg. of hind limb weight 
and in TNF dogs the uptake was 5.4 ±1.5. By 6 hours the uptake had fallen to 
0.4 ±4.9 in controls and had risen to 13.0 ±1.4 in dogs receiving TNF. The 
infusion of TNF was therefore associated w ith an Increase in hind limb 
glucose uptake. A sim ilar increase in hind limb glucose uptake has been 
noted to occur following endotoxin administration in anaesthetised dogs 
(Romanosky et al., 1980). The increase could be explained by an increased 
sensitivity to insulin but the hormonal environment was one that is 
normally associated w ith insulin resistance; furthermore, insulin 
concentrations tended to fa ll in TNF dogs. Muscular work, including 
shivering, normally leads to an increase in muscle glucose uptake (Bessey et 
al., 1988). Dogs receiving TNF had higher temperatures than controls and it  
was my impression that they were shivering more; this effect was not 
quantified and i t  is therefore impossible to determine its  contribution. The 
higher temperature of TNF dogs would of Itse lf tend to Increase the 
transport of glucose Into muscle (Heath and Cornery, 1973). It Is useful to 
mention here certain findings from Study 2; dogs receiving TNF w ith 
Ibuprofen did not become feverish, shivered less and yet experienced an even 
greater drop in the blood glucose concentration. However, ACTH, cortisol and 
glucagon help to regulate gluconeogenesis and the partial blockade of these 
hormones produced by Ibuprofen (shown in Study 2) may have been at least 
partly responsible for the accentuated fa ll In blood glucose. Tissue hypoxia 
is a further cause of increased glucose utilisa tion (Drucker and De Kiewiet, 
1964) but the increases in whole dog and leg oxygen consumption together 
w ith the lack of differential between the hind limb lactate release of 
controls and TNF dogs argue against inadequate perfusion being present. 
Finally, i t  is possible that TNF is directly responsible for increasing the 
tissue uptake of glucose. Wolfe (1977) has previously suggested that 
endotoxin may be an 'insulinomimic agent’. The present study does not 
exclude the possibility that TNF may be the mediator of these effects 
following endotoxin administration. This is supported by in v itro  evidence 
that TNF increases the rate of glucose uptake in several cell lines including
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rat L6 skeletal muscle cells, this being associated w ith specific induction 
of glucose transporter mRNA (Lee et al., 1986: Flier et al., 1987).

5.5 Hind Limb Substrate Exchange. The hind limb exchange of glucose 
and oxygen have already been discussed. Over the course of the study both 
groups of animals tended to release more lactate and pyruvate from their 
hind limbs but there was no difference between groups. This argues against 
peripheral underperfusion in dogs receiving TNF. It should be noted that in 
human sepsis an increased peripheral generation of pyruvate and lactate is 
expected (Wilmore et al., 1980): sim ilarly, an increased peripheral release 
of lactate has been reported to occur from the hind limb of anaesthetised 
dogs after endotoxin administration (Romanosky et al., 1980). However, for 
lactate and pyruvate flux the error of measurement in this study was high 
w ith a correspondingly low power to detect differences. For example, the 
power to detect a 10% difference in weight corrected hind limb flux of 
lactate was approximately 7% and the power to detect a 33% difference in 
pyruvate flux was about 27%. There may therefore have been real 
differences which were not detectable In this animal preparation. These 
findings contrast w ith claims of Tracey et al. (1987(D) that TNF causes an 
Increased peripheral release of lactate.

Control and TNF dogs did not d iffe r w ith respect to total amino acid 
nitrogen flux at either time point. To put this in perspective, Hulton et al. 
(1985(H)) reported a canine basal post-absorptive hind quarter amino acid 
nitrogen flux of -0.5 ± 5.3 jimoles/mln./kg. In contrast, "hind quarter flux" 
at 6 hours following an abdominal procedure of moderate severity was -19.1 
± 4.1 iimoles/min./kg. "Hind quarter" flux was determined using distal aortic 
and caval catheters and would be expected to give values slightly greater 
than that arrived at by the addition of the two single leg flux values of this 
study. If, for the purposes of comparison, the combined (Left + Right) hind 
limb flux values are expressed per kilogramme dog weight then the values 
are -3.29 ± 0.9 jimoles/min./kg. for controls at T = 0 and -3.27 + 0.84 at T = 
6 hours. Controls therefore had an efflux of amino acid nitrogen which was 
sim ilar to that reported for basal post-absorptive animals; the operative 
preparation and the study itse lf did not materially alter this. Infusion of 
TNF resulted in a 6 hour value of -4.01 ± 0.83 jimoles/min./kg., a small and 
insignificant increase. The hind limb flux of amino acids in experimental 
endotoxaemia has not been reported but skeletal muscle taken from rats 
which have previously received endotoxin does show increased protein 
degradation (Goldberg et al., 1984) and therefore an increased efflux of 
amino acids might have been expected. This study provides no evidence for
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TNF having a net proteolytic effect in peripheral tissues, though i t  should be 
remembered that the hind limb efflux at any time between 0 and 6 hours is 
not known. This is in agreement w ith in v itro  observations that TNF has 
li t t le  effect on the rate of skeletal muscle protein breakdown (Moldawer et 
al., 1987(D). In contrast, the administration of TNF to humans has been 
reported to increase net forearm amino acid efflux, but this was in patients 
w ith malignant disease, the number of subjects was only 5, the calculation 
was based on single arterial and venous samples and amino acids were 
measured in plasma rather than whole blood (Warren et al., 1987).

5.6 Urinary Parameters. The effects of TNF upon urine volume and 
glucose content have been discussed In earlier sections.

The 6 hourly total nitrogen excretion for animals receiving TNF was 165 ± 
15 mg./kg., significantly greater than the value for controls (113 + 8). This 
could not be explained by changes in serum urea nitrogen, creatinine or total 
amino acid nitrogen. Urea fe ll slightly In both groups w hilst TNF dogs 
showed a small increase in serum creatinine. If i t  is assumed that urea and 
creatinine are distributed through total body water which, in the dog, is 58% 
of body weight (Moore et al., 1962) and if  total body water is assumed to 
remain constant, i t  Is possible to calculate changes in the amounts of urea 
and creatinine in this pool and thereby derive 6 hour estimates for whole 
body urea and creatinine generation. These estimates, together w ith the 6 
hour urinary excretion values, are shown below;

Table 12. Estimates for Urea and Creatinine Generation (6 hour values)

GROUPS
Urinary Urea N 
(mg/kg)

Urea N Generation 
(mg/kg)

Creat
(mg/kg)

Creat Generation 
(mg/kg)

CON (n- 12) 96 ±9 76 6 ±3 6

TNF (n - 9) 148 ±15 128 10 ±8 11

As the table indicates, this correction does not materially alter the 
findings. If the urinary nitrogen loss following TNF were to continue at the 
same rate for 24 hours this would give a total excretion of 660 mg./kg.; 
considerably greater than the known urinary nitrogen loss following a 
standard moderate sized abdominal procedure (492 ± 20 mg./kg./24 hours), 
(Hulton et al., 1985(H)) and sim ilar to the 20 hour loss of 561 mg./kg. 
reported for dogs w ith E. coll sepsis (Hulton et al., 1985(D). There is 
however reason to doubt that such a loss of urinary nitrogen would continue
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In the chronic setting since rats given a 5 day sublethal infusion of TNF have 
a nitrogen balance and weight loss which does not d iffe r from that of pair- 
fed controls (Michie et al., 1989).

In summary, TNF does not appear to have any effect upon the release of 
amino acid nitrogen from the hind limb, yet urinary nitrogen excretion is 
greatly increased. This is in agreement w ith the increased urinary nitrogen 
excretion which occurs in endotoxaemia and sepsis. Since the nitrogen was 
not from the periphery it  must, at least in the short term, have been drawn 
from elsewhere. Correction for changes in blood levels of urea and 
creatinine indicate that the extra nitrogen did not come from the circulating 
pool. Therefore, the additional urinary nitrogen must have been drawn from 
visceral sources, probably liver or gut. This topic Is explored further In 
section 9.4.

5.7 Post Mortem Findings. The post mortem findings were generally 
sim ilar to those reported to follow endotoxaemia (Gilbert, 1960) and TNF 
administration (Tracey et al., 1986(1): Tracey et al., 1987(D). These can in 
part be accounted for by the known in v itro  effects of TNF.

Mucosal injury tended to be more severe in the proximal gut which is in 
accordance w ith early observations that luminal contents and In particular 
the digestive juices contribute to the severity of gastrointestinal injury 
(Bounous et al., 1965).

The ileo-caecal intussusception found in one of the TNF dogs at post
mortem may well have been Initiated by mucosal oedema (as observed In 
post-mortem examinations). This death was therefore due to a secondary 
mechanical event rather than to any acute metabolic effects of TNF.

5.8 Summary.The following table summarises the findings of Study 1. The 
effects of endotoxin are also listed. Obviously the la tte r vary to some 
extent depending on experimental conditions; I have tried to give the most 
frequently reported change (table 13);
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PARAMETER Endotoxin TNF

aMABP fall fall
aCYP fall fall
aPAP rise fall
AWedge fall fall
Heart Rate rise rise
Cardiac Index fall or no change no effect
SYR fall less than normal increase
PVR rise no effect
Limb Blood Flow — possible fall

Temperature rise rise
Minute Ventilation rise rise
Oxygen Consumption rise or fall rise
Arterial pH no change or fall no effect
Base Excess fall fall
pC02 fall fall
AY Saturation Diff. no change or rise no effect
Haematocrit rise upward trend
White Count fall then rise fall

Pyruvate rise rise
Lactate rise rise
Olucose rise then fall, or fall fall
Triglycerides rise no effect
Free Fatty Acids rise no effect
Amino Acid Nitrogen fall no effect
Urea variable no effect
Creatinine variable no effect

ACTH rise rise
Cortisol rise rise
Glucagon rise rise
Insulin variable no effect
Adrenaline no change or rise rise
Nor-adrenal ine no change or rise tendency to rise

Glucose Production rise rise

Limb Glucose Flux increased uptake Increased uptake
Limb Lactate Flux increased release no effect
Limb Pyruvate Flux - no effect
Limb Nitrogen Flux - no effect
Limb Oxygen Flux — no effect

Urine Volume variable rise
Urinary Nitrogen rise rise
Urinary Urea rise rise
Urinary Creatinine rise rise
Urinary Ammonia - no effect
Urinary Glucose rise

Table 13. Summary of findings, Study 1.

This study decribed the effects of systemically infused TNF in 
anaesthetised dogs and considered the s im ilarity  between these responses
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and those known to occur in endotoxaemia. Viewing the study as a whole, it  
w ill be noted that 44 parameters were examined. The response to endotoxin 
is fa irly  well established in 38 of these. The responses to TNF and endotoxin 
were broadly in agreement for 32 of these 38 parameters. For the remaining 
6 parameters this was not so (shown in the table in bold type). These 
d is im ilarities may be attributable to inaccuracies in experimental 
technique, to lim itations of sta tistica l analysis because of small animal 
numbers, they may be explained by the arguments set out in the appropriate 
sections of this chapter or they may represent real ways in which the 
effects of TNF d iffe r from or fa ll short of those we associate w ith 
endotoxin. It is therefore demonstrated that under the conditions of this 
study, recombinant human TNF Is capable of reproducing, In varying degrees, 
the above listed effects of intravenously administered endotoxin. For some 
parameters the number of animals w ithin each group was small; the changes 
in such parameters, although supported by tests of sta tis tica l significance, 
clearly require further confirmation. Some of these effects have previously 
been reported in lethal animal preparations but in such models concern has 
been expressed (Schirmer et al., 1989) that the observed effects may be 
preterminal changes secondary to circulatory collapse rather than specific 
primary TNF effects. The present report Is free from such concerns; at 6 
hours the TNF dogs had cardiac Indices of 3 L./mln./m2, V02 was elevated at 
175 mls./min./m2, mean arterial pressure was 95 mmHg., pH was normal 
and blood lactate was 2.25 mmoles/L. Furthermore, of the 6 anaesthetised 
dogs which received TNF, all but one survived.

5.9 Studies in Conscious Dogs

The purpose of this section was to determine whether or not the effects of 
TNF reported above were peculiar to the anaesthetised state. Findings are 
summarised in the following table (table 14);
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PARAMETER ANAESTHETISED CONSCIOUS

aMABP fall fall
Heart Rate rise rise, less pronounced

Temperature rise rise
Arterial pH no effect no effect
Base Excess fall fall
pC02 fall fall
AV Saturation Diff. no effect rise
Haematocrit upward trend rise
White Count fall fall

Pyruvate rise rise
Lactate rise rise
Glucose fall fall
Triglycerides no effect rise
Free Fatty Acids no effect no effect
Amino Acid Nitrogen no effect no effect
Urea no effect rise
Creatinine no effect rise

ACTH rise rise
Cortisol rise rise
Glucagon rise rise
Insulin no effect no effect
Adrenaline rise rise
Nor-adrenaline tendency to rise rise

Table 14; Summary of Effects of TNF in the Conscious Dog

It was not considered ethical to use large numbers of animals; two dogs 
only were given TNF and saline on separate occasions. Statistical 
comparisons were not possible and certain parameters, including cardiac 
output, pulmonary and wedge pressures, could not be measured. 
Nevertheless, the graphical and tabular presentations of data indicate that, 
for most parameters, the responses of conscious animals were qualitatively 
sim ilar to those of the anaesthetised. In particular, anaesthesia had li t t le  
effect upon hormonal responses. TNF caused a marked increase in the 
arterio-venous oxygen saturation difference (mainly due to a fa ll in the 
venous saturation), suggesting either a reduced cardiac output, increased 
oxygen consumption, or both of these. The tachycardia seen in anaesthetised 
dogs was far greater than that of the conscious animals and starting heart 
rates were lower in the la tte r group. This is partly explained by the 
vagolytic action of pentobarbital.

This was therefore a relatively crude study and no firm  conclusions can be 
drawn. Since this unsatisfactory outcome might well have been predicted it  
could be argued that the study should not have been performed. It is however 
easy to argue this in retrospect. At the time of planning the in vivo effects 
of TNF were novel and poorly defined. Just as, in the past, i t  had been of
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concern that the effects of endotoxin might be modified by anaesthesia, so 
i t  was anticipated that the same concern might be raised over TNF.

Special Points Relating to Anaesthesia. Depending on dog weight, up 
to 15% of the total blood volume was sampled. It is known that such a 
reduction w ill not cause systemic hypotension provided that vasomotor 
reflexes are intact (Furneaux, 1968). Although pentobarbital depresses 
cardiovascular homeostatic responses in a dose related fashion (Furneaux, 
1968) this did not appear to be an important factor since anaesthetised 
saline controls were able to maintain a normal systemic pressure. Cox 
(1972) has shown that when conscious dogs are given a single dose of 
pentobarbital (30mg./kg.) there are transient alterations in cardiovascular 
dynamics which return to normal by 15 minutes except for a persistently 
elevated heart rate and a reduced stroke volume. Since pentobarbital is a 
vagolytic drug the precise response in any individual animal probably 
depends upon the degree of pre-existing vagal tone. It is likely that sim ilar 
transient changes occured in the animals of this study. However an attempt 
was made to minimise this effect, supplementary doses of anaesthetic 
being witheld, if  possible, in the 15 minutes prior to a time point.

It has been claimed that w ith respect to the repeated measurement of 
cardiac output in a single anaesthetised dog it  is d iff icu lt to maintain a 
constant depth of anaesthesia and metabolic acidosis tends to develop 
(Carson et al, 1965). These problems were not encountered in anaesthetised 
controls; pH did not change and base excess and cardiac output tended to fa ll 
only slightly.

Barbiturate anaesthetic agents are known to cause splenic dilatation 
(Gregersen and Rawson, 1959). In normal dogs, changes In carotid sinus 
pressure from a very high to a very low pressure can cause the active 
expulsion of approximately 6 mls./kg. body weight of blood from the 
splanchnic bed in dogs, most of this coming from the spleen and liver 
(Rothe, 1983). Anaesthetised animals may have been less able than 
conscious dogs to draw on this reserve and this provides an alternative 
explanation for the difference in heart rate between conscious and 
anaesthetised groups. This possibility should not be given too much weight 
since at autopsy the spleens of anaesthetised dogs receiving TNF were noted 
to be smaller than those of anaesthetised controls.
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CHAPTER 6. RESULTS; The E ffect of Ibuprofen upon 
Responses to  TNF in the Anaesthetised Dog (Study 2)

6.1 GROUP CHARACTERISTICS

The two study groups are described in the following table;

TABLE 15. Group Characteristics

GROUP WEIGHT (RANGE) NUMBER MALE/FEMALE ANAESTHETIC

CON+IBP 26 (23-30) 5 2 /3  41.9 (±2.7)

TNF+IBP 24(22-30) 8 1 / 7 46.8 (±2.1)

CON = control, IBP = Ibuprofen. Mean weight is given to the nearest kilogramme. Anaesthetic 
dose is the mean total dose per dog per study in milligrammes per kilogramme.

The above groups did not d iffe r w ith respect to weight, anaesthetic dose or 
sex distribution.

6.2 GENERAL OBSERVATIONS AND SURVIVAL DATA

The operative procedures were without complication and blood loss was 
minimal. One control animal in the Ibuprofen study accidentally received an 
extra 400 mis of saline over the course of 6 hours. With the exception of 
wedge pressure the haemodynamic responses of this dog were sim ilar in 
direction to those for other dogs of the same group. The data from this 
animal was therefore included in the data set. In the f irs t  dog to receive 
Ibuprofen, hypotension developed immeadiately after the drug had been 
injected. Since pressure recovered rapidly and was well maintained for the 
remaining 6 hours this seemed insufficient reason to discount the study. In 
subsequent dogs Ibuprofen was given over three minutes and immeadiate 
hypotension did not occur.

Defaecation occured in 1/5 controls and in 6/8 TNF dogs. The stool of the 
control was normal; those of the TNF animals were loose and contained 
mucus (4/6) and blood (2/6). Of the dogs receiving Ibuprofen w ith TNF 7/8 
continued to have varying degrees of rectal bleeding over the following 24 
hours. Aside from this increased tendency to pass blood, the post-study
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appearance of dogs receiving Ibuprofen did not d iffe r from that of the 
animals In Study 1.

A ll Ibuprofen controls survived (5/5) but 3/8 dogs receiving Ibuprofen 
w ith  TNF died (NS, Fisher's exact test). One of these gradually deteriorated 
and was sacrificed on post-study day 5; there was a mid-ileal 
intussusception w ith 10 cm. of dead bowel. The other two dogs died on post
study day 1 w ith severe gastrointestinal injuries.

6.3 HAEMODYNAMIC PARAMETERS

Mean Systemic A rte ria l, Central Venous, Mean Pulmonary and 
Wedge Pressures (graph 15). Ibuprofen alone had no effect upon mean 
arterial, central venous, mean pulmonary or wedge pressure. In animals 
receiving TNF w ith Ibuprofen the fa lls  in mean arterial, central venous and 
mean pulmonary pressure noted in Study 1 did not occur.
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a  Mean A rteria l 
Pressure
CON v CON+IBP p -  0.41 

CON+IBP v TNF+IBP p = 0.11

(RM.ANOVA). 

Non-parametrlc tests; NS.

Absolute Values at T = 0;

CON+IBP - 147, TNF+IBP - 151

a  Central Venous 
Pressure
CON v CON+IBP p * 0.32 

CON+IBP v TNF+IBP p -  0.12

(RM.ANOVA) 

Non-parametrlc tests; NS.

Absolute Values at T * 0;

CON+IBP « 0.75, TNF+IBP - -0.25

a  Mean Pulmonary 
Artery Pressure
CON v CON+IBP p -  0.81 

CON+IBP v TNF+IBP p = 0.32

(RM.ANOVA) 

Non-parametrlc tests; NS.

Absolute Values at T * 0;

CON+IBP - 14.0, TNF+IBP - 12.5

a  Wedge Pressure
CON v CON+IBP p * 0.35 

CON+IBP v TNF+IBP p -  0.65

(RM.ANOVA) 

Non-parametrlc tests; NS.

Absolute Values at T * 0;

CON+IBP - 4.75, TNF+IBP - 3.5



Heart Rate and Cardiac Index (graph 16). Heart rate showed a tendency 
to fa ll in animals receiving Ibuprofen alone but this group was not 
significantly different from saline controls. It appears from the graph that 
in animals receiving TNF w ith Ibuprofen the tachycardia observed In Study 1 
was delayed or partially supressed rather than prevented. Parametric tests 
suggested no overall difference between groups; non-parametric testing 
suggested that there was a significant difference at T = 6 hours.

In the Ibuprofen study one animal had cardiac Indices at T = 0 which were 
more than three standard deviations from the population mean. These were 
replaced by a dummy value which was the mean of all values at T = 0 for the 
other 12 dogs receiving Ibuprofen. The cardiac index in Ibuprofen controls 
did not change over time and the addition of TNF had no significant effect.
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Heart Rate
CON v CON+IBP p - 0.26 

CON+IBP v TNF+IBP p-0.16

(RM.ANOVA) 

Comparisons between CON and 

CON+IBP at T -  0 and 6; NS. (MWU) 

Comparisons between CON+IBP and 

TNF+IBP at T -  0; NS:atT-6,  p < 

0.05 (MWU).

Cardiac Index
CON v CON+IBP p -  0.38 

CON+IBP v TNF+IBP p -  0.7

(RM.ANOVA) 

Non-parametric tests; NS.

HOURS
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Systemic and Pulmonary Vascular Resistance. Resistance values 
were corrected for changes in haematocrit. In the Ibuprofen controls the 
systemic resistance increased from 40 to 58 Units w hilst in dogs receiving 
TNF w ith Ibuprofen there was an increase from 34 to 49. With regard to 
pulmonary resistance, this increased in Ibuprofen controls from 2.3 to 3.8 
and, in animals receiving TNF w ith Ibuprofen, from 1.9 to 3.3. These changes 
were not submitted to sta tistica l analysis.

6.4 TEMPERATURE AND RESPIRATORY PARAMETERS

It was observed in study 1 that temperature rose In saline controls over 
the 6 hours of study. In control animals pretreated w ith Ibuprofen this rise 
was suppressed. Dogs receiving Ibuprofen w ith TNF were Indistinguishable 
from Ibuprofen controls, but i t  can be seen from the graph that a sharp rise 
in temperature occured in the TNF group in the last hour of study. It was a 
casual observation that all dogs given Ibuprofen appeared less likely to 
shiver than those that had not received this drug; shivering was not 
quantified.

Ibuprofen partia lly suppressed the effect of TNF upon minute ventilation 
and oxygen consumption. For both these variables, parametric testing 
showed no overall difference between the two Ibuprofen groups; in contrast, 
non parametric testing at T = 6 hours suggested that the TNF group had 
significantly higher minute ventilation and oxygen consumption.
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Temperature
CON v CON+IBP p - 0.06 

CON+IBP v TNF+IBP p-0.48

(RM.ANOVA) 

Comparison between CON and 

CON+IBP at T -  0; NS. (MWU) 

Comparison between CON and 

CON+IBP at T - 6; p <0.001 (MWU) 

Comparison between CON+IBP and 

TNF+IBP at T - 0 and 6; NS (MWU)

Minute Ventilation
CON v CON+IBP p * 0.6 

CON+IBP v TNF+IBP p = 0.09
(RM.ANOVA) 

Comparisons between CON and 

CON+IBP at T -  0 and 6; NS (MWU). 

Comparisons between CON+IBP and 

TNF+IBP at T - 0; NS: at T - 6; p < 

0.05, (MWU).

Oxygen Consumption
CON v CON+IBP p - 0.11 

CON+IBP v TNF+IBP p - 0.054 

(RM.ANOVA) 

Comparisons between CON and 

CON+IBP at T = 0 and 6; NS (MWU). 

Comparisons between CON+IBP and 

TNF+IBP at T = 0; NS: at T -  6; p < 

0.05, NS (MWU).
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6.5 BLOOD GASES AND HAEMATOLOGICAL PARAMETERS

Neither of the Ibuprofen groups showed a significant change in arterial pH. 
For base excess, both groups showed fa lls  over time; it  cannot be 
determined from this data whether the fa ll in the TNF group was 
significantly greater. The pC02 tended to fa ll and the AV saturation 
difference to rise in both groups; there were no between-group differences. 
Animals receiving TNF w ith Ibuprofen showed a rise in haematocrit which 
did not occur in Ibuprofen controls. The white count rose in Ibuprofen 
controls and fe ll markedly in the TNF group.

For these parameters there were no differences between the saline 
controls of study 1 and the Ibuprofen controls of study 2.

TABLE 16. Blood Gases and Haematological Parameters

PARAMETER HOURS CON+IBP
(n»5)

TNF+IBP 
(n ■ 8)

Parametric
(RM.ANOVA)

Non-parametric 
(Mann Whitney-U)

Arterial pH 0 7.32 ±0.02 7.30 ±0.02 NS
3 7.35 ±0.01 7.34 ±0.02
6 7.34 ±0.01 7.30 ±0.02 p * 0.22 NS

Base Excess 0 -3.0 ±0.8 -3.5 ±0.9 NS
3 -2.8 ±1.0 -5.5 ±0.9
6 -4.2 ±0.6 -7.8 ±0.9 p ■ 0.08 < 0.02 *

Arterial pC02 0 43.6 ±2.5 46.0 ±3.1 NS
(mmHg) 3 39.6 ±2.5 34.9 ±1.8

6 37.6 ±1.9 32.6 ±1.5 p * 0.43 NS

A-V Saturation 0 16.0 ±3.0 17.8 ±1.9 NS
Difference {%) 3 19.9 ±2.0 21.4 ± 1.0

6 23.2 ±3.0 29.7 ±1.7 p » 0.22 NS

Haematocrit {%) 0 37.8 ±1.2 37.0 ±1.3 NS
3 36.9 ±0.7 42.6 ±1.9
6 37.4 ±2.0 47.6 ±0.8 p - 0.003 * <0.001 *

White Count 0 8400 ±900 8400 ±700 NS
(cells/pL) 3 10860 ±1800 3062 ±900

6 11740 ±1800 2975 ±400 p -0.0006 * <0.001 *
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6.6 SUBSTRATE CONCENTRATIONS

Ibuprofen partia lly suppressed the rises in pyruvate and lactate which had 
been seen to occur after TNF administration in study 1. Blood glucose did 
not change in Ibuprofen controls but there was a fa ll in the TNF group; this 
effect was significant at T = 6 hours on non-parametric testing but just 
failed to reach significance when tested by analysis of variance. With 
regard to triglycerides, there was a rise in the TNF animals though this is of 
uncertain significance.

For free fa tty  acids and total amino acid nitrogen there were no 
significant differences between groups. The graph for total amino acid 
nitrogen is followed by two others showing the relative contributions of 
alanine and glutamine.
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Pyruvate
CON v CON+IBP p = 0.81 

CON+IBP v TNF+IBP p * 0.42

(RM.ANOVA) 

Non-parametric tests not 

significant except; CON+IBP v. 

TNF+IBP at T* 6, p < 0.05 (MWU).

Lactate
CON v CON+IBP p = 0.07 

CON+IBP v TNF+IBP p - 0.052 

(RM.ANOVA) 

Non-parametric tests not 

significant except; CON+IBP v. 

TNF+IBP at T- 6, p < 0.05 (MWU).

Glucose
CON v CON+IBP p * 0.30 

CON+IBP v TNF+IBP p = 0.052 

(RM.ANOVA) 

Non-parametric tests not 

significant except; CON+IBP v. 

TNF+IBP at T* 6, p < 0.02 (MWU).

Triglycerides
CON v CON+IBP p - 0.20

CON+IBP v TNF+IBP p - 0.08

(RM.ANOVA) 

Non-parametric tests not

significant except; CON+IBP v.

TNF+IBP at T- 6, p < 0.02 (MWU).
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Free Fatty Acids
CON v CON+IBP p -  0.03* 

CON+IBP v TNF+IBP p-0.18

(RM.ANOVA) 

Non-parametric tests; NS (MWU).

Amino Acid Nitrogen
CON v CON+IBP p -  0.90 

CON+IBP v TNF+IBP p - 0.06

(RM.ANOVA) 

Non-parametric tests not 

significant except; CON+IBP v. 

TNF+IBP at T = 6; p <0.05 (MWU).

Alanine
CON v CON+IBP p - 0.10 

CON+IBP v TNF+IBP p -  0.007* 

(RM.ANOVA) 

Non-parametric tests not 

significant except; CON+IBP v. 

TNF+IBP at T- 6, p < 0.01 (MWU).

Glutamine
CON v CON+IBP p = 0.42 

CON+IBP v TNF+IBP p = 0.08

(RM.ANOVA) 

CON v. CON+IBP; NS (MWU). 

CON+IBP v. TNF+IBP at T= 0, p < 

0.05: at T » 6, p < 0.02 (MWU)

HOURS

130



6.7 UREA NITROGEN AND CREATININE

The two animal groups did not d iffe r at T = 0 or 6 hours w ith respect to 
serum urea or creatinine.

TABLE 17. Urea Nitrogen and Creatinine

HOURS CON+IBP
(n*5)

TNF+IBP
(n*8)

RM ANOVA Mann-Whitney U test

Urea Nitrogen 0 16.8 ±1.6 13.7 ±1.0 p - 0.10 NS
(mg/dl) 6 16.1 ±2.0 12.7 ±0.9 p - 0.10 NS

Creatinine 0 0.77 ±0.07 0.74 ±0.03 p = 0.66 NS
(mg/dl) 6 0.75 ±0.09 0.76 ±0.03 p * 0.89 NS

6.8 HORMONES

The rises in ACTH, cortisol and glucagon observed in study 1 were 
partially supressed by pretreatment w ith Ibuprofen. Nevertheless, for all 
three variables, there were significant differences between the two 
Ibuprofen groups. In contrast, for insulin, adrenaline and nor-adrenaline 
there were no differences between groups.
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ACTH
CON v CON+IBP p - 0.72 

CON+IBP v TNF+IBP p = 0.03* 

(RM.AN0VA) 

CON v. CON+IBP; NS (MWU) 

CON+IBP v. TNF+IBP at T = 0; NS: 

at T = 6; p < 0.01 (MWU).

Cortisol
CON v CON+IBP p - 0.99 

CON+IBP v TNF+IBP p - 0.02* 

(RM.ANOVA) 

CON v. CON+IBP; NS (MWU) 

CON+IBP v. TNF+IBP at T - 0; NS: 

at T -  6; p < 0.05 (MWU).

Glucagon
CON v CON+IBP p * 0.10 

CON+IBP v TNF+IBP p * 0.003* 

(RM.ANOVA) 

CON v. CON+IBP; NS (MWU) 

CON+IBP v. TNF+IBP at T = 0; NS: 

at T -  6; p < 0.002 (MWU).
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Insulin
CON v CON+IBP p = 0.20 

CON+IBP v TNF+IBP p = 0.24

(RM.ANOVA) 

Non-parametric tests; NS.

Adrenaline
CON v CON+IBP p - 0.40 

CON+IBP v TNF+IBP p -  0.67

(RM.ANOVA) 

Non-parametric tests; NS.

Nor-adrenal ine
CON v CON+IBP p - 0.75 

CON+IBP v TNF+IBP p - 0.62

(RM.ANOVA) 

Non-parametric tests; NS.
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6,9-UBiNE

For urine volume, total nitrogen excretion, urea nitrogen excretion and 
creatinine excretion there were no significant differences between the two 
Ibuprofen groups. The marked effects of TNF upon these parameters observed 
in study 1 appear to have been abolished by Ibuprofen.

Similarly, for all these parameters, the Ibuprofen controls were not 
significantly different from the saline controls of study 1.

TABLE 18. Urinary Parameters (6 hour values, corrected for body weight)

GROUPS Volume Total N Urea N Creat Ammonia Glucose

(ml ./kg.) (mg ./kg.) (mg./kg.) (mg./kg.) (mg./kg.) (pmoles/kg.)

CON+IBP (n * 5) 3.4 ±0.9 97 ±14 92 ±15 8 ±1 3 ±1 4.9 ±1.4

TNF+IBP (n = 8) 3.6 ±0.9 80 ±9 75 ±8 7 ±1 4 ±0.5 4.8 ±8.9

t test 0.84 0.29 0.30 0.55 0.83 0.97

Mann-Whltney U NS NS NS NS NS NS

The last two rows give significance values for comparisons between the two groups.

6.10 POST MORTEM FINDINGS

No animals from the Ibuprofen control group were autopsied. Of those 
receiving Ibuprofen w ith TNF, two died on the day following their study. 
Throughout the small bowel there were mucosal changes, sim ilar to those 
noted after TNF alone but more severe. There were linear streaks of frank 
ulceration, haemorrhagic areas and a considerable amount of free blood in 
the lumen. The mucosa was very friable and easily dislodged. There was 
diffuse serosal reddening in the distal half of the small bowel. Colonic 
changes were generally less marked but nevertheless more severe than seen 
in the group receiving TNF alone. In the second dog to die there was total 
mucosal loss In the duodenum. This loss began at the pylorus, there being a 
very clear line of demarcation. Progressing down the small bowel the 
proportion of denuded mucosa gradually decreased. The jejunum had 
approximately 50% loss and this gave a cobblestone appearance reminiscent
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of Crohn's disease. In the terminal Ileum the mucosa was Intact but severely 
oedematous. The entire lumen contained blood. In the stomach there was a 
small amount of bleeding Into the tips of the rugal folds. Because these two 
dogs had died on the day following TNF administration I was anxious to know 
how the bowel appeared at such a time in a dog that had received TNF alone. 
Accordingly, one such animal was allowed to recover from its study and was 
sacrificed the following day. At post mortem examination there was small 
bowel oedema, worst In the duodenum, gradually Improving distally. There 
was no mucosal loss and certainly nothing as severe as had occured in the 
Ibuprofen treated dogs. As mentioned in the survival section one animal in 
this group did not regain health after the study and was sacrificed. There 
was a mid-ileal intussusception with 10cm of dead bowel. In addition, there 
was a narrow necked Meckel's diverticulum which had become inflamed, 
perforated and sealed off. Presumably mucosal oedema at the time of TNF 
administration had obstructed its neck. The remainder of the small bowel 
mucosa showed signs of having been damaged but was intact.

Aside from these changes, the addition of Ibuprofen did not appear to alter 
the post mortem appearances following TNF administration.
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CHAPTER 7; DISCUSSION OF STUDY 2

7.1 General Remarks. Study 2 examined the effects of TNF after 
administration of the cyclooxygenase Inhibitor, Ibuprofen. The findings will 
be discussed In turn.

7.2 Haemodynamlc Effects. The starting values (T = 0) for haemodynamlc 
parameters were within the normal range for dogs (Altman and Dlttmer, 
1970). Just as cyclooxygenase Inhibitors have been previously noted to 
prevent the hypotension caused by endotoxin (Fletcher and Ramwell, 1977), 
so pretreatment with Ibuprofen prevented the fall In mean systemic 
pressure normally caused by TNF. This Improvement was not due to an 
Increase in cardiac Index nor to a greater release of catecholamines, both of 
which were lower than In dogs receiving TNF alone. This Is In accordance 
with an earlier demonstration that the haemodynamlc benefits of 
Indomethacln In cats receiving endotoxin are not due to an augmented 
catecholamine response (Feuersteln et al., 1981). Ibuprofen prevented the 
polyuria caused by TNF; this may have helped to maintain an adequate 
circulating volume though the rise In haematocrit was more pronounced than 
In TNF dogs. Haematocrit Is not however a reliable Index of 
haemoconcentratlon In non-splenectomlsed dogs. It will be remembered 
from Study 1 that In saline controls the systemic resistance rose by 14 
units whilst In TNF dogs It rose by only 3. The Ibuprofen controls showed a 
rise of 18 units whilst those receiving TNF with Ibuprofen showed a rise of 
15. This suggests that In animals receiving TNF the addition of Ibuprofen in 
some way resulted in a more normal pressure flow relationship, the 
stability of systemic pressure being due to an Improved vasoconstrictor 
response. Ibuprofen may also have Improved venular constrictor tone, thus 
reducing venous capacity and accounting for the stability of central venous 
and wedge pressures.

In Study 1 TNF appeared to cause a fall In mean pulmonary pressure. 
Pretreatment with Ibuprofen prevented this fall. The relationship between 
this observation and the known effects of endotoxin cannot be determined 
without further work.

Analysis of cardiac Index shows an Independent Ibuprofen effect. If one 
considers a ll dogs at T = 0 (that is, saline controls, TNF dogs, Ibuprofen 
controls and Ibuprofen TNF dogs), those animals pretreated with Ibuprofen 
had cardiac Indices of 4.10 + 0.18 L./m1n./m2 with mean arterial pressures 
of 150 +4mmHg. and a calculated SVR of 37 whilst those not so pretreated
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had Indices of 5.02 + 0.4 (n = 21), blood pressures of 152 + 4 and an SVR of 
30. Ibuprofen either caused an increase In resistance with a compensatory 
fall in cardiac index, or vice versa. In view of the Hedqvist hypothesis 
(1970(0,(10) a primary Increase In resistance Is the more likely. This 
independent effect does not negate the effects of Ibuprofen during TNF 
Infusion.

TNF caused a marked increase in urine output in Study 1. This effect was 
abolished after pretreatment with Ibuprofen. In the light of present 
knowledge of renal function in sepsis, as discussed in the Introductory 
section, this diuretic effect of TNF and its inhibition by a cyclooxygenase 
Inhibitor suggests that the diuresis was prostaglandin mediated and may 
have been due to abnormal activation of normal autoregulatory mechanisms.

In summary, pretreatment with Ibuprofen prevented the changes in 
systemic vascular pressures normally caused by TNF, the effect being 
attributed to its reduction of urine output and an improvement in the 
vasoconstrictor response. This Is In accord with the effects of 
cyclooxygenase inhibitors In endotoxaemia (Fletcher and Ramwell, 1977, 
1978). Pressure changes In the pulmonary circuit were also prevented, again 
implicating prostaglandins. Following endotoxin administration circulating 
levels of prostaglandins are Increased (Fletcher et al., 1976); Ibuprofen 
prevents both these rises and the associated haemodynamic changes. TNF is 
also known to cause an Increase In circulating prostaglandin levels 
(Kettelhut et al., 1987). The fact that TNF has effects upon the 
cardiovascular system and upon urine output which are Inhibited by 
Ibuprofen suggest that prostaglandins are Involved as secondary mediators 
of these effects.

7.3 Respiratory and Blood Gas Changes. Pretreatment with Ibuprofen 
only partially suppressed the Increase in minute ventilation suggesting the 
eventual Involvement of mediators other than prostaglandins. As In Study 1, 
arterial p02 and pH were well maintained In all animal groups.

7.4 Metabolic and Acute-Phase Changes, Substrate and Hormone 
Concentrations. In Study 1 TNF caused a rise in temperature and oxygen 
consumption. Both these effects were prevented by Ibuprofen. However, 
during the final hour of study, both temperature and oxygen consumption had 
begun to rise suggesting that these responses may eventually have been 
activated via other prostaglandin independent pathways.

The marked elevations in ACTH and cortisol caused by TNF (Study 1) and 
their attenuation by Ibuprofen suggest that these hormonal changes are
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effected through the cyclooxygenase pathway. The fact that Ibuprofen 
attenuated rather than prevented these rises once again suggests the 
Involvement of other mediators. It was suggested In Study 1 that the 
increase In catecholamines was secondary to hypotension. The findings of 
Study 2 support this; animals receiving TNF with Ibuprofen did not develop 
hypotension and did not have elevated circulating catecholamine 
concentrations. The changes of insulin, glucagon and blood glucose will be 
discussed In a later section. With regard to free fatty acids, triglycerides 
and amino acid nitrogen, no conclusions could be drawn from the data.

7.5 Blood Glucose and Glucose Turnover Studies. Pretreatment with 
Ibuprofen caused the hypoglycaemic effect of TNF to be more pronounced. 
This may be explained by Ibuprofen's attenuation of the hormonal response 
(referred to above) and thus of the gluconeogenic drive. It has been known 
for many years that large doses of salicylates cause hypoglycaemia and 
Indeed these agents were used In early attempts to treat diabetes melHtus 
(Mlcossl et al., 1978). In a study by Hulton (1985(D) dogs were given live E 
coli; one group was pretreated with Ibuprofen. There were no deaths in the 
group receiving endotoxin alone but two of the animals in the Ibuprofen 
group died. Blood glucose levels fell to a greater extent In the Ibuprofen 
treated dogs and hypoglycaemia may have been the cause of death.

Glucose production rate was measured In all dogs In the Ibuprofen study 
but for technical reasons the samples were not submitted to analysis. All 
Ibuprofen controls and 4 of the 8 Ibuprofen/TNF dogs received deuterated 
glucose, Lot number 613331. For the remaining 4 dogs the deuterated 
glucose came from Lot number DLM-349 F-4794. During the laboratory 
anlaysis of the infusates it became clear that the substance supplied to us 
under Lot number 613331 was not deuterated glucose. The supplier, ICN 
Biomedicals Inc., arranged for the original material to be analysed by 
Shrader Analytical and Consulting Laboratories Inc., Detroit. Mass 
spectrometry revealed that the substance contained a high proportion of 
contaminants which a library search failed to Identify. Some dogs therefore 
received a small amount of unknown substances. This was naturally a cause 
for concern. Fortunately there were 8 dogs in the TNF group, half of which 
received the substance from Lot 613331 and half of which did not. There 
were no detectable differences between these two subgroups and there Is 
therefore no evidence for Lot 613331 containing a metabollcally active 
substance. The data relating to the four TNF dogs which received glucose 
from Lot DLM-349 F-4794 is difficult to Interpret In the absence of 
appropriate controls and has not been presented here. However, other

138



workers have demonstrated that prostaglandin Inhibition does not alter the 
effects of E. coll sepsis upon glucose kinetics (Lang et al., 1987).

7.6 Urinary Parameters. The effect of TNF upon urine volume has already 
been discussed. If assumptions concerning the distribution of urea and 
creatinine are made as In Study 1 (page 115) It Is possible once again to 
calculate changes In the amounts of urea and creatinine In this pool and 
thereby derive 6 hour estimates for whole body urea and creatinine 
generation. These estimates, together with the 6 hour urinary excretion 
values, are shown below;

Table 19. Estimates for Urea and Creatinine Generation (6 hour values)

GROUPS
Urinary Urea N 
(mg/kg)

Urea N Generation 
(mg/kg)

Creat
(mg/kg)

Creat Generation 
(mg/kg)

CON+IBP (n -  5) 92 ±15 88 8 ±1 8

TNF+IBP (n -  8) 75 ±8 69 7 ±1 7

As the table Indicates, this correction does not materially alter the 
findings, ibuprofen controls had a 6 hour nitrogen excretion of 84 ± 21 
mg./kg., not significantly different from that of saline controls. Those dogs 
receiving Ibuprofen with TNF excreted a similar quantity, 86 ± 22. This Is In 
sharp contrast to the large amount of nitrogen excreted by animals 
receiving TNF alone (Study 1). This effect could not be explained by changes 
In serum urea nitrogen, creatinine or total amino acid nitrogen, Indicating 
an overall reduction In breakdown rather than a failure of excretion. It Is 
Interesting to note that Ibuprofen causes a significant diminution (from 123 
to 101 mg./kg./6 hours) In urinary nitrogen excretion following the standard 
abdominal trauma referred to in Chapter 5, (page 115), (Hulton et al., 1988), 
and also In the setting of canine sepsis (Hulton et al., 1985(1)). The blockade 
by Ibuprofen of TNF's effect upon urinary nitrogen excretion suggests that 
prostaglandins are Involved and, as previously mentioned, there Is other in 
vitro (Rodemann and Goldberg, 1982) and in vivo evidence (Pressler et al., 
1986) for this. It Is possible that a common mechanism Is at work In these 
three settings of trauma, sepsis and endotoxaemia.

7.7 Post Mortem Findings. The addition of Ibuprofen did not appear to 
alter post mortem appearances following TNF administration, with the 
exception of changes In the gut. Of those animals receiving TNF with
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Ibuprofen, 3/8 died. One of these had an Intussusception when sacrificed on 
post-study day 5 but the other two died on post-study day 1 and at autopsy 
were found to have suffered severe damage to the gastrointestinal mucosa. 
Of the survivors, those dogs which had received TNF with Ibuprofen were 
still passing blood stained motions on post-study day I whilst this did not 
occur In those given TNF alone. Pretreatment with Ibuprofen may have 
caused the gastrointestinal effects of TNF to be more severe. 
Cyclooxygenase inhibitors are known to predispose to gastritis and peptic 
ulceration, tendencies which are probably related to their inhibition of 
prostaglandin synthesis since prostaglandins increase mucus production, 
decrease acid secretion and increase mucosal blood flow (Kantor, 1979). 
Mesenteric autoregulation serves to offset extrinsic vasoconstrictor 
influences during endotoxaemia (Bond, 1983); little is known about such 
autoregulation but this may also have been affected by Ibuprofen.
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7.8 Summary. The following table summarises the findings of Study 2 
(table 20);

PARAMETER TNF TNF + IBUPROFEN

Mortality 5/6 survived 5/8 survived
aMABP fall fall prevented
aCYP fall fall prevented
aPAP fall fall prevented
AWedge fall fall prevented
Heart Rate rise rise partially suppressed
Cardiac Index no effect fall
SVR less than normal Increase normal Increase
PVR no effect no effect
Limb Blood Flow fall not tested

Temperature rise rise partially suppressed
Minute Ventilation rise rise partially suppressed
Oxygen Consumption rise rise prevented
Arterial pH no effect no effect
Base Excess fall no effect upon fall
pC02 fall no effect upon fall
AV Saturation Diff. no effect no effect
Haematocrit upward trend definite Increase
White Count fall no effect upon fall

Pyruvate rise rise prevented
Lactate rise rise partially suppressed
Glucose fall no effect upon fall
Triglycerides no effect tendency to rise
Free Fatty Acids no effect no effect
Amino Acid Nitrogen no effect no effect
Urea no effect no effect
Creatinine no effect no effect

ACTH rise partially suppressed
Cortisol rise partially suppressed
Glucagon rise partially suppressed
Insulin no effect no effect
Adrenaline rise prevented
Nor-adrenallne tendency to rise prevented

Limb Glucose Uptake rise not tested
Limb Lactate Uptake no effect not tested
Limb Pyruvate Uptake no effect not tested
Limb Nitrogen Uptake no effect not tested
Limb Oxygen Uptake no effect not tested

Glucose Production rise not tested

Urine Volume rise prevented
Urinary Nitrogen rise prevented
Urinary Urea rise prevented
Urinary Creatinine rise prevented
Urinary Ammonia no effect no effect
Urinary Glucose rise prevented
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This study has demonstrated that pretreatment with a cyclooxygenase 
Inhibitor prevents some of the changes which TNF Is known to cause. In 
particular, Ibuprofen stabilises certain haemodynamlc changes. In the above 
table the TNF column describes the effects of TNF In comparison with saline 
controls. The next column lists the ways In, which Ibuprofen influenced the 
effects of TNF. It will be seen that TNF alone brought about a definite 
change in 27 different parameters (shown in bold type). Of these 27 
parameters, 24 were also measured In those dogs receiving TNF with 
Ibuprofen. Ibuprofen prevented the effects of TNF for 13 of the 24 
parameters, partially suppressed a further 7 and was without effect In the 
remaining 4. The Independent effects of Ibuprofen were few -  (a fall In 
cardiac Index, a rise In SVR, a suppression of the fever which occurs during 
saline Infusion and a rise In free fatty acids). The number of animals 1n the 
Ibuprofen control group was, for most parameters, only 5. This reduces the 
confidence which can be placed In these findings. When Ibuprofen appears to 
have caused the complete Inhibition of a TNF effect this Is likely to be a 
true finding. It can therefore be said with some confidence that Ibuprofen 
prevented the changes In mean arterial, central venous, pulmonary and 
wedge pressures and systemic vascular resistance: the rise In oxygen 
consumption was prevented, as was the rise In pyruvate and adrenaline: 
changes In urine volume, nitrogen and glucose content were also Inhibited. 
The effects upon haemodynamlcs, urine volume and nitrogen excretion are In 
accord with what is known of cyclooxygenase Inhibition In endotoxaemla. 
The effect upon adrenaline Is presumed secondary to haemodynamlc 
Improvement. It Is likely that prostaglandins are Involved In the mediation 
of some or all of these effects. However, this Is not necessarily so. Blood 
prostaglandin levels were not measured. Furthermore, though 
cyclooxygenase Inhibition Is the main effect for which Ibuprofen Is known 
this drug does have other effects. These Include Inhibition of the 
llpooxygenase pathway (Higgs et al., 1980) stabilisation of lysosomal 
membranes (Phillips and Mulrden, 1972) alterations In the klnln and 
histamine systems (Szczekllk et al., 1976) and suppression of white cell 
motility and phagocytic function (Meacock and Kitchen, 1976). These effects 
may well be relevant to the experimental findings but this cannot be 
determined from the available data.

For white cell count, base excess, pC02 and blood glucose concentration 
the lack of any Ibuprofen effect can again be accepted with some confidence 
and Implies that prostaglandins are not Important In the mediation of these 
effects. With regard to white cell changes, It has previously been noted that 
whilst the effects of Interleukin-1 upon neutrophil release and marglnatlon
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are similar to those of TNF, the latter are prostaglandin independent whilst 
the former are not (Ullch et al., 1987).

For those parameters for which the effects of TNF were partially 
Inhibited the Interpretation Is less easy. It may be that these changes are 
not mediated by prostaglandins, or not solely by prostaglandins. It Is 
possible that In other circumstances, with greater numbers of animals, the 
suppression would have been more -  or less, apparent. It Is possible that 
satisfactory cyclooxygenase enzyme Inhibition was not achieved; this seems 
unlikely since the dose regimen used here has been shown to give blood 
levels of Ibuprofen that exceed the therapeutic range In anaesthetised dogs 
(Upjohn Company). The reported findings therefore await clarification from 
other studies.

The differential effects of Ibuprofen upon the actions of TNF are generally 
similar to the differential effects of Ibuprofen and other cyclooxygenase 
Inhibitors upon the effects of endotoxin (reviewed In the Introductory 
chapter). The simplest interpretation of this is that TNF and prostaglandins 
are both mediators of endotoxin, prostaglandins occupying the more distal 
position In a postulated chain of mediators. This Is In accord with the 
observation of Mlchle et al. (1988) that the effects of Ibuprofen In 
endotoxaemla are not reflected In any alteration of TNF release.
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CHAPTER 8. RESULTS; The Effects of TNF A dm in istration  in 
the A naesthetised Dog a f te r  Removal of the Gut -  an 

In ternal R eservo ir of Endotoxin (Study 3)

8.1 GROUP CHARACTERISTICS

The following table sets out the study groups;

TABLE 21. Group Characteristics

GROUP WEIGHT (RANGE) NUMBER MALE/FEMALE ANAESTHETIC

CON+ENT 25(21-31) 4 0 /  4 48.3 (±3.1)

TNF+ENT 24(21-26) 6 0 /  6 43.6 (±2.4)

CON = control, ENT = enterectomy. Mean weight is given to the nearest kilogramme. Anaesthetic 
dose is the mean total dose per dog per stud/ in milligrammes per kilogramme.

The above groups did not differ with respect to weight or anaesthetic dose.

8.2 GENERAL OBSERVATIONS

The operative procedures were without complication and blood loss was 
minimal. All animals were sacrificed at the end of the study.

8.3 HAEMODYNAMIC PARAMETERS

Mean A rte ria l, Central Venous, Mean Pulmonary and Wedge 
Pressures (graph 22). In enterectomy controls the mean arterial pressure 
did not change over time whilst In animals given TNF there was a 
significant fall. Central venous, mean pulmonary and wedge pressures were 
similarly stable in the control group and the addition of TNF appeared to 
cause a fall in central venous and pulmonary pressure; however, the small 
number of control animals prevented statistical analysis of these two 
effects.

Comparison of a ll intact dogs with a ll enterectomised animals at T = 0 
showed that the starting values for central venous and wedge pressure were 
significantly lower in the enterectomised group (CVP; p = 0.006 (t test), p < 
0.001 (MWU): Wedge; p = 0.0002 (t test), p < 0.0002 (MWU)).
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Heart Rate and Cardiac Index (graph 23). Already by T = 0 the
enterectomised dogs had much higher heart rates than Intact animals (p =
O.OOOl, t  test; p < 0.05, MWU) and both groups of enterectomised dogs 
continued w ith  near maximal rates throughout the study. With respect to 
cardiac Index, this tended to decline In both enterectomised groups; small 
numbers In the control group prevented sta tis tica l analysis. Comparison 
between all enterectomised animals and all intact animals at T = 0 showed 
that cardiac Indices were significantly lower in the former group (p *
0.0004, t  test; p < 0.05, MWU).

Systemic and Pulmonary Vascular Resistance (SVR and PVR).
Resistance was corrected for changes In haematocrit. Resistance changes 
were not submitted to statistica l analysis.

in the 2 enterectomised controls the SVR increased from 50 to 54.8 Units 
whilst in the five animals receiving TNF there was a fa ll from 48 to 38.4. 
The PVR was 3.68 Units at T = 0 In controls and 2.88 In TNF animals; there 
was almost no change over time.
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Heart Rate
CON v CON+ENT p = 0.01* 

CON+ENT v TNF+ENT p-0.59

(RM.ANOVA) 

CON v. CON+ENT at T * 0 and 6, p < 

0.05 (MWU).

CON+ENT v TNF+ENT at T -  0 and 

6; NS (MWU).

Cardiac Index
No statistical analyses

HOURS

8.4 TEMPERATURE AND RESPIRATORY PARAMETERS

All enterectomised dogs developed a high fever by 6 hours; there was no 
difference between groups.

Comparison of all enterectomised dogs w ith all intact dogs at T = 0 
showed that the former began w ith significantly greater rates of minute 
ventilation (p = 0.006, t  test; p < 0.05, MWU). Of the enterectomised animals, 
over the 6 hours of study, the ventilation rate tended to rise more in those 
receiving TNF though this difference was not significant.

At T = 0 the oxygen consumption rate of enterectomised dogs was not 
different from that of intact animals. The two groups of enterectomised 
dogs consumed oxygen at sim ilar rates throughout the study.
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Temperature
CON v CON+ENT p«0.13 

CON+ENT v TNF+ENT p - 0.80

(RM.ANOVA) 

CON v CON+ENT at T - 0. NS: at T 

- 6, p <0.001 (MWU).

CON+ENT v TNF+ENT at T = 0 and 

6. NS (MWU).

Minute Ventilation
CON v CON+ENT p - 0.008* 

CON+ENT v TNF+ENT p - 0.29

(RM.ANOVA) 

CON v CON+ENT at T = 0, p < 0.05: 

at T « 6, NS (MWU).

CON+ENT v TNF+ENT at T - 0 and 

6, NS (MWU).

Oxygen Consumption
CON v CON+ENT p - 0.33 

CON+ENT v TNF+ENT p = 0.95

(RM.ANOVA) 

Non-parametric tests; NS.
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8.5 BLOOD GASES AND HAEMATOLOGICAL PARAMETERS

TABLE 22. Blood Gases and Haematological Parameters

PARAMETER HOURS CON+ENT 
(n * 4)

TNF+ENT 
(n = 6)

Parametric
(RM.ANOVA)

Non-parametric 
(MWU test)

Arterial pH 0 7.3A ±0.02 7.32 ±0.01 NS
3 7.34 ±0.01 7.36 ±0.02
6 7.34 ±0.02 7.34 ±0.01 p ■ 0.60 NS

Base Excess 0 -5.6 ±0.4 -5.3 ±0.7 NS
3 -6.9 ±0.9 -7.1 ±0.7
6 -6.9 ±0.9 -8.8 ±0.8 p - 0.55 NS

Arterial pC02 0 34.1 ±3.5 37.6 ±3.1 NS
(mmHg) 3 28.4 ±3.4 25.4 ±2.0

6 27.5 ±2.9 23.7 ±1.6 p - 0.47 NS

A-V Saturation 0 32.7 ±5.0 27.7 ±3.8 -

Difference (8) 3 26.9 ±3.9 37.8 ±4.2
6 29.9 ±5.1 39.8 ±5.4 - -

Haematocrit (X) 0 35.8 ±3.4 38.4 ±2.0 NS
3 38.2 ±4.0 40.6 ±2.2
6 38.5 ±3.3 39.3 ±3.3 p - 0.60 NS

White Count 0 18050 ±2790 16567 ±2230 NS
(cells/iiL) 3 32150 ±4930 9783 ±2060

6 37550 ±4060 9117±1490 p» 0.002 * p < 0.01 *

The numbers for each group were as stated at the head of each column, with the exception of AV 
saturation difference, for which there were only 2 enterectomy controls.

Arterial pH did not change over time In either group. At T = 0 all 
enterectomised dogs had a more negative base excess and a lower pC02 than 
Intact animals (significant by parametric and non-parametric testing). The 
base excess and pC02 fe ll further In both groups of enterectomised animals 
but the differences between groups were not significant.

Enterectomised dogs had significantly wider AV oxygen saturation 
differences than Intact dogs at T -  0 (p -  0.0002, t  test; p < 0.05, MWU) and 
in the enterectomised dogs receiving TNF this difference continued to 
Increase w ith time; small numbers of controls prevented sta tistica l 
analysis of this effect.

For haematocrit, the two groups of enterectomised dogs did not d iffe r 
from one another over time and their haematocrit at T = 0 was sim ilar to 
that of intact dogs.
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All enterectomised dogs had white counts which were significantly higher 
than intact animals at T = 0 (p = O.OOOl, t test; p < 0.05, MWU); subsequently 
the white count continued to rise in controls w h ils t falling in TNF animals.

8.6 SUBSTRATE CONCENTRATIONS

Enterectomised control dogs had significantly higher pyruvate levels than 
saline controls; the addition of TNF appeared to cause a further rise but this 
effect was not significant.

At T = 0 all enterectomised dogs had higher levels of lactate than intact 
animals (p = 0.009, t  test; p < 0.05, MWU). The addition of TNF may have 
caused a further rise but this effect was not significant.

After enterectomy all dogs at T = 0 had higher blood glucose levels than 
intact animals (p = 0.009, t test; p < 0.05, MWU). Thereafter, there was a 
significant rise In control dogs and a significant fa ll in TNF dogs; the 
difference between groups was not itse lf significant.

For triglycerides, enterectomised animals had values at T = 0 which were 
sim ilar to those of intact dogs and the addition of TNF was without effect. 
Enterectomised dogs at T = 0 had significantly lower concentrations of free 
fa tty  acids than did intact dogs (p = 0.0009, t  test; p < 0.002, MWU); as w ith 
triglycerides, the addition of TNF was without effect.

The values for total amino acid nitrogen in enterectomised dogs at T = 0 
were significantly lower than the starting values for Intact animals (p =
0.02, t  test; p < 0.01, MWU). Thereafter, levels gradually rose in both groups 
of enterectomised dogs. The graph for total amino acid nitrogen Is followed 
by two others showing the relative contributions of alanine and glutamine.
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Pyruvate
CON v CON+ENT p - 0.001* 

CON+ENT v TNF+ENT p = 0.59

(RM.ANOVA) 

CON v CON+ENT at T -  0 and 6. NS 

(MWU).

CON+ENT v TNF+ENT at T -  0, NS; 

at T - 6; p < 0.01 (MWU)

Lactate
CON v CON+ENT p -  0.002* 

CON+ENT v TNF+ENT p - 0.47

(RM.ANOVA) 

CON v CON+ENT at T -  0. NS; at T 

- 6; p < 0.01 (MWU).

CON+ENT v TNF+ENT at T - 0 and 

6, NS (MWU).

Glucose
CON v CON+ENT p - 0.0007*

CON+ENT v TNF+ENT p - 0.059 

(RM.ANOVA) 

CON v CON+ENT at T -  0 and 6; p < 

0.002 (MWU).

CON+ENT v TNF+ENT at T -  0 and 

6, NS (MWU).

Triglycerides
CON v CON+ENT p - 0.58

CON+ENT v TNF+ENT p-0.23

(RM.ANOVA) 

Non-parametric tests; NS.
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Free Fatty  Acids
CON v CON+ENT p = 0.0003* 

CON+ENT v TNF+ENT p - 0.62

(RM.ANOVA) 

CON v CON+ENT at T - 0, p < 0.01; 

a t T-  6, p < 0.05 (MWU).

CON+ENT v TNF+ENT; NS (MWU).

Amino Acid Nitrogen
CON v CON+ENT p - 0.78 

CON+ENT v TNF+ENT p * 0.21

(RM.AN0VA) 

Non-parametric tests; NS.

Alanine
CON v CON+ENT p-0.08 

CON+ENT v TNF+ENT p - 0.34

(RM.ANOVA) 

Non-parametric tests; NS.

Glutamine
CON v CON+ENT p = 0.63 

CON+ENT v TNF+ENT p = 0.14

(RM.ANOVA) 

CON v CON+ENT at T - 0; p < 0.05; 

at T -  6, NS (MWU).

CON+ENT v TNF+ENT; NS (MWU).

HOURS
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8.7 UREA NITROGEN AND CREATININE

TABLE 23. Urea Nitrogen and Creatinine

HOURS CON+ENT
(n»4)

TNF+ENT
(n-6)

Parametric
(RM.ANOVA)

Non-parametric
(MWU)

Urea Nitrogen 0 15.5 ±2.8 14.3 ±0.5 p = 0.61 NS
(mg/dl) 6 11.0 ±2.3 15.2 ±1.9 p - 0.19 NS

Creatinine 0 0.65 ±0.07 0.66 ±0.03 p * 0.90 NS
(mg/dl) 6 0.60 ±0.06 1.02 ±0.15 p * 0.07 p < 0.05

The two groups of enterectomised dogs did not d iffe r significantly w ith 
respect to serum urea or creatinine at either time point. However, 
creatinine tended to be higher in the TNF group at 6 hours. Control 
enterectomy animals did not d iffe r from saline controls.

S.J_HQBtlQMES

All enterectomised dogs began w ith higher levels of cortisol than intact 
dogs (p = O.OOOl, t  test; p < 0.002, MWU) and in those receiving TNF there 
was a further significant rise. ACTH was not measured. Enterectomised dogs 
had levels of glucagon at T = 0 which were significantly lower than those 
for Intact dogs (p = 0.03, t  test; p < 0.05, MWU); the administration of TNF 
was associated w ith a marked rise. The two animal groups did not d iffe r 
w ith respect to Insulin. At T * 0 the enterectomised dogs had significantly 
higher levels of adrenaline and nor-adrenallne than intact dogs (by 
parametric and non-parametric testing); the administration of TNF may have 
resulted In further rises in catecholamine levels but these effects were not 
significant.
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CON+ENT v TNF+ENT p = 0.01*

(RM.ANOVA) 

CON v CON+ENT at T - 0 and 6, p < 

0.01 (MWU).

CON+ENT v TNF+ENT at T = 0, NS; 

at T -  6, p < 0.05 (MWU).

Glucagon
CON v CON+ENT p - 0.96 

CON+ENT v TNF+ENT p * 0.02* 

(RM.ANOVA) 

CON v CON+ENT; NS (MWU). 
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CON+ENT v TNF+ENT p - 0.70

(RM.ANOVA) 
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0.05 (MWU).
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8.9 GLUCOSE TURNOVER STUDIES.

All enterectomised dogs began w ith lower production rates than those of 
the intact animals (p = O.OOOI, t test; p < 0.002, MWU). Over the period of 
study there was no change in the enterectomy controls w hilst in those 
receiving TNF the production rate rose by approximately 30%. Small numbers 
of control animals prevented sta tistica l analysis.

TABLE 24. Glucose Production, Utilisation and Clearance

HOURS CON+ENT 
(n * 3)

TNF+ENT 
(n = 5)

Ra glucose (production) 0 16.0 ±1.1 15.8 ±0.4
(pmol/min/kg body weight) 6 15.8 ±1.4 20.0 ±1.4

Rd glucose (utilisation) 0 15.8 ±0.9 16.5 ±0.6
(pmol/min/kg body weight) 6 15.7 ±1.4 20.4 ±1.5

Metabolic clearance rate 0 3.1 3.2
for glucose (mls/kg/min) 6 2.8 4.4

Values are means ± standard error.

8.10 URINE

The 6 hour urine volume for enterectomy controls was 2.7 mis/kg; not 
significantly different from that of saline controls (5.2 mis/kg). The 
enterectomised dogs receiving TNF had sim ilar 6 hour urine volumes (5.5 
mls/kg). For total urinary nitrogen, urea nitrogen and creatinine the two 
groups of enterectomised animals did not d iffe r from each other, nor did 
they d iffe r from saline controls.

In 5 of the enterectomised dogs urine was collected from the beginning of 
the surgical procedure until T = 0 (approximately 4 hours). Urine from this 
period had a mean volume of 2.5 ± 1.1 mls/kg and contained 73 ± 27 mg./kg. 
of nitrogen (50 ± 19 of urea, 6 + 2 of creatinine and 2 + 0.01 of ammonia),
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TABLE 25. Urinary Parameters (6 hour values, corrected for body weight)

GROUPS Volume Total N Urea N Creat Ammonia Glucose

(ml ./kg.) (mg ./kg.) (mg ./kg.) (mg ./kg.) (mg ./kg.) (jimoles/kg.)

CON+ENT (n - 4) 2.7 ±0.4 101 ±7 93 ±12 6 ±1 3 ±0.5 4.2 ±3.1

TNF+ENT (n = 6) 5.5 ±1.8 86 ±18 79 ±17 6 ±1 2 ±0.5 4.9 ±1.6

t test 0.30 0.74 0.84 0.70 0.98 0.75

Mann-Whitney U NS NS NS NS p < 0.05 NS

8.1 1 POST MORTEM FINDINGS

In enterectomy controls there were no abnormalities of the major organs. 
In those that had received TNF the findings were sim ilar to those observed 
in the intact dogs receiving TNF. There was severe oedema of the duodenal 
remnant. The spleen was of variable size.
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CHAPTER 9; DISCUSSION of STUDY 3

9.1 General Remarks

Because TNF is known to injure gut mucosa it  was hypothesised that some 
of its  other effects could be due to an increased passage of bacteria and, or, 
endotoxin from the gut lumen into the blood stream. I decided to test this 
hypothesis by surgically removing this reservoir of bacteria and endotoxin 
prior to TNF administration. In retrospect, this approach was 
unsatisfactory, resulting in data which were d iff icu lt to interpret. The 
surgical procedure itse lf was a major operative stress which had marked 
effects upon many of the parameters under study. Control enterectomy 
animals maintained a normal systemic pressure throughout and did not 
become acidotic but they developed a high fever, tachycardia, increased 
minute ventilation, increased oxygen consumption, hyperglycaemla, and 
elevated stress hormone concentrations. The absolute values at T = 0 for 
CVP, wedge pressure and cardiac index were significantly lower in the 
enterectomised dogs than in saline controls, despite the provision of an 
additional flu id load in the hours leading up to T = 0. A major d ifficu lty  was 
that, in general, the directions of changes provoked by enterectomy were the 
same as those which had been noted to follow TNF administration in the 
intact animal. These facts, together w ith the inevitable increase in 
variation between animals and the small numbers of animals per group, 
meant that for many parameters it  was impossible to detect possible TNF 
effects. Of further concern was the fact that manipulation of the bowel 
during surgery may itse lf have resulted in an increased passage of bacteria 
or endotoxin from the gut to the blood stream. The antibiotics given pre- 
operatively may have given protection against such bacteria. However, even 
i f  only small amounts of endotoxin were released in this way they may have 
influenced the outcome. At the time of planning this study it  was not 
appreciated that smail amounts of endotoxin might act synergistically w ith 
TNF but this has since been demonstrated (Rothstein and Schreiber,1988).

With these reservations, the following observations can be made. Four TNF 
effects were clearly demonstrated in enterectomised animals;

1. a gradual fa ll in systemic arterial pressure,
2. a fa ll in circulating white cell count,
3. a rise in serum cortisol,
4. a rise in serum glucagon.
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Sim ilarly, for cardiac index, arterial pH, AV saturation difference, 
haematocrit, triglycerides, free fatty acids, total amino acid nitrogen, urea 
and creatinine i t  was apparent that removal of the gut did not alter the 
previously reported lack of response to TNF. The next lis t is of those TNF 
effects which are probably not influenced by enterectomy but for which data 
was insufficient to permit the drawing of firm  conclusions;

1. a fa ll in CVP and mean pulmonary pressure,
2. an inappropriately low systemic resistance,
3. a fa ll in blood glucose,
4. a rise in glucose production rate.

For a third lis t of changes the independent effect of gut removal was so 
marked that i t  masked any possible TNF effects. It is therefore impossible 
to say to what extent these TNF effects depend upon an Internal reservoir of 
endotoxin;

1. a rise in heart rate,
2. a rise In temperature,
3. a rise in minute ventilation,
4. a fa ll in base excess and pC02,
5. a rise in serum pyruvate, lactate and catecholamines.

For oxygen consumption (V02), the administration of TNF to dogs w ith no gut 
did not result in a rise. The increase in VO2 which TNF causes in intact 
animals may therefore be largely due to an Increase in splanchnic VO2. 
Alternatively, the Increased VO2 caused by TNF may depend upon a factor 
released from the gut lumen.

Certain parameters are worthy of more detailed discussion;

9.2 Haemodynamic Effects. The fa ll in blood pressure shown by 
enterectomised dogs receiving TNF suggests that the inadequate systemic 
resistance shown by intact dogs occurs in non-splanchnic areas. This is in 
accord w ith the findings of Hlnshaw et al. (1958) who showed that when 
endotoxin was given to eviscerated dogs w ith a constant cardiac inflow the 
non-splanchnic resistance fell.
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9.3 Glucose Turnover. Glucose turnover was measured In 5 out of 6 TNF 
dogs and 3 out of 4 controls (Table 24, p i56). Due to the small number of 
animals in the control group no statistica l comparisons were made between 
these two groups. Non-steady state conditions were assumed and, as w ith 
the intact animals, a close s im ilarity between the calculated rates of 
appearance and disappearance, both at T = 0 and 6 hours, indicate that the 
animals were in steady state during both periods of measurement. At T = 0, 
enterectomised dogs tended to have a higher blood glucose level than the 
intact animals. It is therefore likely that in the 4 hours leading up to T = 0 
the glucose production rate had exceeded the rate of utilisation. However in 
absolute terms the rate of glucose production and utilisation at T = 0 were 
actually lower In enterectomised dogs than In the intact animals. This 
occured despite higher starting levels of cortisol and catecholamines. The 
absolute reduction in utilisation could have been due to the absence of a 
large portion of the gut since this tissue normally consumes glucose (Souba 
et al., 1987). Under normal circumstances the gut also consumes glutamine, 
some of which passes to the liver as alanine. The availability of alanine, the 
liver's major gluconeogenic precursor (Souba et al., 1987), would 
presumably be reduced following enterectomy and this may have lim ited 
gluconeogenesls. Certainly the circulating glutamine levels of enterectomy 
controls were higher than would be expected following an operative stress 
of this magnitude (Hulton et al., 1985(H)). The addition of TNF appeared to 
cause a further Increase in glucose production and utilisation and w hilst the 
blood glucose concentration tended to rise In controls there was a non
significant fa ll in the TNF dogs. This implies, as w ith the Intact dogs, that 
following TNF administration the production of glucose was unable to match 
its  rate of utilisation.

9.4 Urinary Nitrogen Loss. Total urinary nitrogen excretion in control 
enterectomy animals was 101+7 mg./kg. which was sim ilar to the 113+8 of 
the non-enterectomised saline controls. Those animals given TNF after 
enterectomy had a total nitrogen excretion of only 86+18. An In itia l concern 
was that a considerable amount of nitrogen may have been excreted prior to 
T s 0, thus giving a deceptively low nitrogen excretion over the 6 hour study 
period. Therefore in 5 dogs the urine was collected from the beginning of 
surgery until T = 0 (a period of approximately 4 hours); this accounted for a 
further 75+28mg./kg., giving a 10 hour nitrogen excretion of 176 mg./kg. for 
controls. This was a surprising finding; as mentioned earlier, dogs 
undergoing laparotomy for the implantation of aortic and caval catheters - a 
considerably less stressful procedure than enterectomy -  have a 24 hour
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nitrogen excretion of 492+16 mg./kg. (Hulton et al., 1988). Assuming the 
nitrogen to be excreted at a constant rate, this would give an estimated 10 
hour excretion of 205 mg./kg. The surprisingly low nitrogen excretion seen 
In these control animals could not be attributed to Impaired renal function 
since the serum urea nitrogen and creatinine tended to fa ll in this group. 
Neither could i t  be attributed to an Impaired ureagenesls In the face of 
continuing protein catabolism since the 6 hour value for total amino acid 
nitrogen (5066 |imoles/L.) was no greater than that seen in saline controls 
at 6 hours (5028 jimoles/L). In contrast to its  effect In the Intact animal, 
the addition of TNF to enterectomised dogs at T = 0 did not alter urinary 
nitrogen excretion. There were however non-significant rises in serum urea 
nitrogen and creatinine which are accounted for In the following table 
(using the estimations described on page 115).

Table 26. Estimates for Urea and Creatinine Generation (6 hour values);

GROUPS
Urinary Urea N 
(mg/kg)

Urea N Generation 
(mg/kg)

Creat
(mg/kg)

Creat Generation 
(mg/kg)

CON+ENT (n - A) 93 ±12 67 6 ±1 6

TNF+ENT (n » 6) 79 ±17 84 6 ±1 8

The effect of TNF in Intact animals was to increase the combined creatinine 
and urea generation from 80 to 140 mg./kg. (an 80% increase). In contrast, 
the Increase in enterectomised animals was only from 73 to 92 mg./kg. (a 
26% increase).

These observations suggest that removal of the small and large bowel may 
diminish urinary nitrogen loss following trauma and possibly attenuate the 
nitrogen losing effect of TNF. The evidence presented here Is Insubstantial 
and must await support from other studies w ith  larger animal numbers. 
However, If these observations were to be confirmed, they might be 
explained as follows. Firstly, i t  is known that operative stress is 
associated w ith an Increased Intestinal uptake of glutamine and an 
increased peripheral release of amino acids (Souba et al., 1987). If, despite 
major operative stress, enterectomy is associated w ith a smaller than 
expected nitrogen excretion, this suggests that the normal excess of 
nitrogen in the urine may be drawn, at least in itia lly , from the gut itself. 
Secondly, i f  TNF causes an increase in urinary nitrogen which is prevented 
by prior enterectomy, this also suggests that the gut is the f irs t and 
immediate source of such nitrogen. This is in accordance w ith the earlier
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conclusion that, "the additional urinary nitrogen must have come from 
visceral sources, probably liver or gut" (section 5.6). Gut proteolysis could 
be a specific metabolic effect of TNF or i t  could be secondary to ischaemic 
or other damage. Alternative explanations are that the bowel Is responsible 
for signalling an increase in hepatic proteolysis or that absorbed endotoxin 
is in some way important. It is not clear whether enterectomy influences 
the peripheral release of amino acids, over and above the known effects of 
an operative stress.

9.5 Summary. The experiment reported here was an unsatisfactory test of 
the stated hypothesis. Marked effects of TNF upon mean arterial pressure, 
circulating white count, cortisol and glucagon concentrations have however 
been shown to occur, both in intact dogs and also after removal of the gut 
from duodenum to anus. It is therefore likely that these particular changes 
are due to TNF itse lf and do not depend upon a secondary increase in 
absorption of bacteria or endotoxin from the gut lumen. However, even this 
is not necessarily so. As mentioned above, handling of the gut during surgery 
may have released small amounts of endotoxin into the circulation, which, 
acting synergistically, could alter the action of TNF - at least in a 
quantitative way. With regard to most other parameters, no firm  
conclusions can be drawn. The changes In urinary nitrogen excretion were 
unexpected and require further investigation before they can be 
satisfactorily interpreted.
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CHAPTER 10; General Discussion

The findings of each of the three studies have been discussed in some 
detail. This chapter begins w ith general critic ism s of the studies and goes 
on to consider the evidence for TNF as a mediator of endotoxaemia.

10.1 General Criticisms.

The constant-rate intravenous infusion of a mediator substance is unlikely 
to mimic what may occur in nature. Firstly, this route of administration is 
likely to exert a disproportionate Influence upon Intravascular elements and 
may explain the overall balance of observed effects. Secondly, TNF is a 
product not only of circulating but also of fixed macrophages; local tissue 
concentrations may therefore be of equal or greater importance in 
comparison w ith circulating levels. There is no reason to suppose that 
locally released cytokines always appear in the peripheral circulation and 
their failure to do so does not mean that they play no part. Indeed, i t  has 
been demonstrated that an acute-phase protein response (Moldawer et al., 
1987(11)) and tissue TNF production (Lonroth et al., In press) can occur 
without the appearance of detectable TNF in the circulation. Nevertheless, i t  
can be argued that the circulating TNF levels achieved in this animal 
preparation, although not measured directly, may not have been disim ilar to 
those which occur In nature. At the time this work was In progress Tracey 
et al. (1987(D) published a study in which dogs were given a 40 minute 
infusion of TNF in a dose of 100 |igm./kg. (equivelant to 2.2 x 105 
Units/kg.). This resulted in serum TNF levels sim ilar to those seen in 
rabbits after the administration of endotoxin and In baboons during lethal 
Gram-negative bacteraemia. The total dose used In this study was less than 
a quarter of this amount and was delivered over 6 hours rather than 40 
minutes. It is therefore unlikely that the circulating levels were 
supraphysiological but this is not certain; TNF levels were not measured in 
this study, nor have they yet been measured in any study of canine sepsis or 
endotoxaemia. Furthermore, it  is possible that dogs may have synthesised 
their own TNF, some of which may have exerted local effects at the tissues 
of origin, some of which may have been released Into the circulation w ith 
effects at distant sites.

Mediators obtained by recombinant techniques are likely to be relatively 
pure but i t  remains a possibility that the observed effects may be due to 
low levels of endotoxin contamination. The TNF used in this study contained
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less than 100 pg. of endotoxin per milligramme of protein by limulus assay. 
This would give a 6 hour endotoxin dose of less than 2.6 pg. of endotoxin. To 
put this in perspective, a typical bolus dose of endotoxin for canine studies 
is 0.8 - 2.0 mg./kg. (Wolfe et al., 1977). To consider one parameter, canine 
doses of endotoxin in the region of 0.01 mg./kg. are required to produce 
systemic hypotension of the magnitude seen in this study (D'Orio et al.,
1987). In contrast, humans receiving a bolus dose of 4 ng./kg. of endotoxin 
experience no significant hypotension (Revhaug et al., 1988). Since dogs are 
far less sensitive than humans to endotoxin i t  is unlikely that these 
theoretical levels of endotoxin contamination could account for the 
observed hypotension. However, this does not rule out the possibility that 
very small amounts of contaminating endotoxin could be acting 
synerglstically w ith  TNF (Rothstein and Schreiber, 1988).

The administration of human recombinant TNF to dogs may not be a 
satisfactory test of the effects of canine TNF in the dog, nor of the effects 
of human TNF in man. With regard to human and murine TNF It has been noted 
that the use of heterologous TNF may lead to an underestimation of 
biological effects (Kramer et al., 1988); apparent Interspecies differences 
in sensitivity may be due to variation in the binding of human recombinant 
TNF to animal receptors (Smith R.A., et al., 1986). This consideration Is 
likely to have quantitative rather than qualitative implications.

Some of the dogs received TNF on more than one occasion, though there 
was always at least one week between exposures. It is possible that they 
may have developed neutralising anti-human TNF antibodies: furthermore, 
tolerance to the effects of TNF has been reported (Sheppard et al., 1989). 
The data presented here did not however show a difference between the 
responses to a f ir s t  and second exposure.

One of the aims of the thesis was to examine the extent to which the 
effects of TNF were sim ilar to those of endotoxin. It was a weakness of the 
study design that there was no endotoxin control group. Consequently, i t  was 
necessary to compare the results from this study w ith knowledge of 
endotoxaemic effects assimilated over years, from numerous experiments, 
carried out by many individuals under widely varying circumstances. The 
d ifficu lty  of making such direct comparisons between experimental findings 
and a body of established knowledge is obvious and well recognised. In 
retrospect, i t  would have been better to Include an animal group to which 
endotoxin was administered. It would not have been easy to find the 
appropriate infusion regime which would give haemodynamic and metabolic 
changes of a sim ilar order to those which were achieved w ith TNF. However, 
these animals would have been subject to precisely the same operative
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procedures, anaesthetic technique and so on as the animals receiving TNF. 
As such, they would have formed a useful starting point for comparisons, 
which could then have drawn on knowledge gained from other sources with 
greater confidence.

The study was also weakened by a failure to measure circulating levels of 
TNF and other mediators thought to be released during endotoxaemia. Such 
circulating levels may in fact be less important and less meaningful than 
local tissue concentrations; nevertheless, Information on blood levels of 
prostaglandins, IL-1 and TNF would have been of great interest. These tests 
were omitted not because they were thought to be of no interest but because 
there was a lim it to the amount of blood which could be drawn from each 
animal. At the time that this study was being planned the effects of TNF had 
not been well described; i t  was fe lt that the satisfactory description of 
certain parameters should take precedence over other lines of inquiry and it  
is for this reason that the sampled blood was apportioned to assays in the 
way that It was.

It is a general critic ism  that for most study groups the animal numbers 
should have been greater; this would have permitted a greater confidence in 
the findings.

10.2 TNF as a Mediator of Endotoxaemia.

In examining the role of any putative mediator It Is useful to consider the
criteria  of Dale (adapted from Dale and Foreman, 1984);

1. Application of the agent should produce the effect seen during 
endotoxaemia, not only In in v itro studies, but also In vivo.

2. Endotoxin should generate in the tissue, both in v itro  and in vivo, either 
by release or formation, appropriate quantities of the putative 
mediator.

3. The enzymes required for the production of the putative mediator should 
be demonstrable at the site of its  formation and enzyme activ ity should 
increase when endotoxin causes Increased turnover of the mediator.

4. A mechanism for the termination of mediator function should exist so 
that its  effects do not perisist indefinitely. This would be either a 
catabolic enzyme, an uptake process or a desensitisation of the target
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organ (by a second mediator) or by down regulation of the relevant 
receptors.

5. Interference w ith the synthesis, storage, release, metabolism or action 
of the agent should produce the predictable modification of endotoxaemic 
effects, both in in v itro  models of endotoxaemia and in vivo.

6. Experimental or clinical conditions In which there are deficiencies of the 
agent or its  metabolising enzyme should result In the relevant decrease 
or increase in the manifestations of endotoxaemia.

7. Receptors or other activation mechanisms for the agent should be 
demonstrable on the relevant cells, by pharmacological techniques and by 
binding experiments.

The f irs t  experiment of Study 1 involved the in vivo application of TNF and 
thus relates to the second part of the f irs t criterion. When recombinant 
human TNF was administered as a 6 hour Infusion (0.57 x 10^ Units/kg./6 
hours) to anaesthetised dogs i t  was capable of provoking a wide variety of 
changes. Furthermore, for the majority of parameters studied, the effects of 
TNF were sim ilar to those known to occur after endotoxin administration. 
These findings satisfy, in part, the f irs t  of Dale's criteria. The second 
experiment of Study 1 involved administration of TNF to 2 conscious dogs 
(again relating to the f irs t  criterion). Thus It was hoped to determine 
whether or not anaesthesia influenced host responses. For ethical reasons 
only two animals were studied. In general the responses to TNF were sim ilar 
to those observed in the anaesthetised dogs. However, w ith such small 
numbers it  has not been possible to arrive at a firm  conclusion. The study of 
conscious animals has given some useful reassurance that the effects of 
TNF are not peculiar to the anaesthetised state but the fu ll definition of 
how anaesthesia may alter the action of TNF has yet to be provided.

Study 2 examined the effects of TNF after pre-treatment w ith Ibuprofen; 
this amounts to pharmacological interference w ith the action of TNF in vivo 
and as such relates to criterion 5. This is not s tr ic tly  true since the animal 
preparation used was not specifically set up as a model of endotoxaemia. 
The fact that cyclooxygenase inhibitors influenced the responses to TNF 
suggests that some of those responses, in the setting of this experiment, 
were mediated, at least in part, by prostaglandins. This must be stated w ith 
some reservation since Ibuprofen does more than inhibit the cyclooxygenase 
enzyme. The possible influence of other Ibuprofen effects is not known. The
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effects of Ibuprofen upon TNF were, w ith some exceptions, predictable from 
what Is know of cyclooxygenase Inhibition In endotoxaemia.

Study 3 also relates to the f if th  criterion. It was based upon the 
hypothesis that TNF depends for some of Its effects upon an Increased 
absorption of endotoxin or bacteria from the gut lumen. The gut was 
removed in an attempt to eliminate this source of possible secondary 
mediators. The study was, in a number of ways , unsatisfactory; however, at 
least four major TNF effects were detected, even after gut removal. The 
mediation of these four effects probably does not require gut derived 
mediators. No other firm  conclusions could be drawn from the data.

The extent to which the criteria  of Dale have been satlslfled by the work 
of other investigators has been covered in the introductory chapter but w ill 
be briefly summarised;

Criterion 1. The Infusion of TNF Into dogs and rats has been shown to have 
metabolic and physiological consequences which closely resemble severe 
animal endotoxaemia and human Gram-negative shock (Tracey et al., 1986(1); 
1987(D). A wide range of in vitro effects have been described which 
resemble those known to occur In endotoxaemia (and sepsis), (see section
1.4.6).

Criterion 2. It has been shown in vitro and in vivo that the application of 
endotoxin results In the elaboration of TNF (Beutler et al., 1985 (111): 
Beutler and Cerami, 1986(i): Beutler et al., 1985(11): Abe et al, 1985). When 
TNF has been produced in response to endotoxin adm in istration the amount 
produced has been Inferred from circulating concentrations. L ittle  is known 
about local tissue production and local tissue concentrations. It Is d ifficu lt 
to know, in this context, whether endotoxin generates an appropriate 
quantity of TNF, or indeed what an appropriate amount would be.

Criteria 3 & 4. When Isolated macrophages are exposed to endotoxin the 
production of TNF mRNA increases and translation occurs (Beutler and 
Cerami, 1986(D). In general, at a subcellular level, l i t t le  is known about 
synthesis, release, receptor down-regulation, or the processes by which TNF 
may be degraded or taken up into cellular structures.

Criterion 5. Expansion of the reticuloendothelial system, which enhances 
TNF production (Kawakami et al., 1984), is known to increase the lethality 
of a given dose of endotoxin. In contrast, dexamethasone suppresses TNF
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production at the levels of transcriptional and post-transcriptional 
regulation in endotoxin-induced macrophages (Kawakami et al., 1984); this 
recalls the recognised benefits from steroids in experimental endotoxaemia 
(Hinshaw et al., 1979). Most convincingly, baboons pretreated w ith a 
monoclonal antibody to TNF do not die despite injection w ith otherwise 
lethal doses of live E. coli organisms (Tracey et al., 1987(ii)).

Criterion 6. C3H/HeJ mice are known to be endotoxin-resistant; such 
animals are incapable of synthesising normal amounts of TNF, this being due 
to a genetically determined inability to mobilise TNF mRNA (Beutler and 
Cerami, 1986(i)). The metabolism of TNF is not yet understood; there are no 
clinical or experimental conditions In which this Is known to be abnormal.

Criterion 7. TNF binds to adipocytes and many other cell types by means of 
high a ffin ity  receptors (Beutler et al., 1985(111): Aggrawal et al., 1985: 
Hamblin, 1988). However, the significance of binding w ith or without 
internalisation and degradation of the TNF molecule, in relation to effect, is 
not yet known.

The extent to which these criteria  have been satisfied, not only by the 
findings of this thesis but also by the findings of other investigators, 
strongly implicates TNF as a mediator of endotoxaemia but far more 
knowledge is yet required, particularly concerning the subcellular 
mechanisms by which the synthesis, release, metabolism or uptake and 
effects of th is cytokine are regulated. The relative importance of 
intravascular versus tissue concentrations is unknown. With the present 
state of knowledge i t  is extremely d ifficu lt to arrive at an understanding of 
the relative Importance of any Individual mediator In the overall process of 
endotoxaemia and, even more so, of their relevance to Inflammation, clinical 
sepsis and malignant disease.
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CHAPTER 11; OVERVIEW

11.1 CONCLUSIONS.

The findings of this thesis support the hypothesis that TNF is a mediator 
of endotoxaemia. The intravenous administration of TNF to anaesthetised 
dogs reproduced many, but not all, of the known effects of endotoxin. 
Sim ilar changes were observed in conscious animals, but animal numbers 
were small. It was a weakness of the study design that there was no 
endotoxin control group, making i t  necessary to compare w ith effects of 
endotoxin as described in the literature. Nevertheless, the descriptions of in 
vivo TNF effects provided here are in accord w ith our knowledge of in v itro 
TNF effects and go beyond the earlier studies of Tracey et al., 
1986(i),1987(i), providing a wider base of information in a sublethal animal 
preparation.

Pretreatment w ith  the cyclooxygenase inhibitor, Ibuprofen, prevented 
some of TNF’s effects w hilst having no effect upon or causing partial 
supression of others. The most plausible explanation of this is that some of 
TNF's effects are mediated by prostaglandins; this is in agreement w ith the 
findings of others (Kettlehut et al., 1987) but more work is required i f  this 
interpretation is to be substantiated.

When TNF was given to animals in which the gut (and thus the main 
internal reservoir of endotoxin) had been removed, several of the more 
pronounced effects of TNF were s t il l observed. These, at least, do not appear 
to be caused by a secondary increase in absorption of gut endotoxin. 
Unfortunately the design of this study was unsatisfactory, the effects of 
the surgical procedure itse lf tending to overshadow those of TNF. This, 
together w ith small animal numbers in the control group, made i t  d ifficu lt 
to interpret the data and for most parameters no firm  conclusions could be 
drawn.
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11.2 TNF IN A BROADER CONTEXT

TNF cannot be credited as the direct and sole cause for all the changes 
reported here. Their final expression is likely to require not only the well 
known stress hormones and certain prostaglandins but also other cytokines. 
For example, TNF is known to induce IL-1 production (Dinarello et al., 1986) 
and IL-1 Is Itse lf capable of inducing many TNF-like effects (Okusawa et al.,
1988). It is not yet apparent why there should be two such mediators, TNF 
and IL-1, morphologically distinct, yet w ith so many actions in common. 
Indeed, i t  seems to be a general feature of the Immune system that there 
are many more ways of activating final common pathways of inflammation 
than might seem s tr ic tly  necessary; the system is over-endowed w ith 
mediators. Investigators, w hilst attempting to establish the relative 
Importance of different substances, have been anxious to thrust individual 
mediators into prominence -  but this may be an unhelpful approach when our 
knowledge of overall integrative mechanisms is s t i l l  in its  infancy. In 
particular, an undue emphasis on circulating levels (and upon the effects of 
intravenous infusion of mediators) should be avoided until their significance 
is more fu lly  understood. Neither IL-1, gamma interferon, prostaglandins nor 
any other cytokine was measured in the present study and their 
contributions to the observed effects remain unknown. With regard to 
endotoxaemia, TNF cannot be proposed to mediate all of the effects of 
endotoxin. Endotoxin is known to be a potent Inducer of IL-1 production in 
v itro  (Dinarello, 1984) and can itse lf activate complement, the coagulation 
cascade and prostaglandin dependent pathways. Indeed, the very concept of 
TNF or any other mediator acting as a 'sole1 or 'prime' cause is, in this 
setting, Inappropriate. As our knowledge Increases and as successive genes 
for newly discovered cytokines are cloned, expressed in bacteria and 
purified to homogeneity so i t  is likely to become apparent that there is an 
elaborate interlinkina network of mediators and inhibitors. Some of these 
mediators may act as amplifying cascades, just as the coagulation factors 
are now known to act. The effects of individual mediators may be additive, 
synergistic or antagonistic, each w ith its  own control system, each of 
which may be able to alter the responsiveness to others by up or down- 
regulatlon of cellular receptors, some of these effects being beneficial and 
necessary parts of the immune system, others being maladaptive and se lf
destructive.
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Taking into account the lim itations of this study and of our knowledge in 
general the following two figures serve to summarise our present 
understanding. Figure 1 shows some of the known inter-relationships 
between endotoxin, TNF, IL-1 and gamma-interferon;
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(+) (+)
\ ! /
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(+)

/ \
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up-regulation down-regulation
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(-)
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t

The second figure is a suggested outline for the way in which various chains 
of mediators interact and allow endotoxin to activate the inflammatory 
process;
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The findings presented here, and their interpretation, relate only to 
experimental endotoxaemia. Caution has been exercised in the past when 
extrapolating from animal to human studies of endotoxaemia (for example in 
relation to splanchnic venous pooling); a sim ilar caution is appropriate when 
extrapolating from animal studies of TNF action to humans. As more 
information accrues from in v itro  work and from studies in which TNF is 
given to humans as part of anti-tumour chemotherapy so this extrapolation 
w ill move onto a surer footing. An even greater caution is necessary when 
extrapolating from animal studies of TNF infusion to the complex setting of 
human clinical sepsis. This is underlined by our present inability to 
consistently measure significant elevations of circulating TNF in the blood 
of septic humans (Debets et al., 1989).

The biosynthesis of TNF is known to be induced not only by endotoxin but 
also by a variety of viral particles, the toxic shock exotoxin-1 and also by 
phagocytosis of aged erythrocytes (Moldawer et al., 1988). This suggests an 
involvement in even more distant settings but again extrapolation of the 
present findings is to be resisted.

11.3 INDICATIONS FOR FUTURE RESEARCH.

Knowledge of TNF Is s t il l far from complete and there are obviously many 
aspects of mediator biology in general and of TNF in particular which 
demand elucidation before the functional role of TNF in endotoxaemia (and in 
other inflammatory states, in malignant disease and as an immunoregulator) 
can be understood. With particular reference to this thesis;

1. It Is to be hoped that those areas which, for a variety of reasons, have 
failed to reach a satisfactory conclusion, w ill be clarified by future studies.

2. It has previously been postulated that macrophages release an insulin
like factor (N5ILA or MILA). The data presented here suggest that TNF may 
have an insulin like effect upon glucose uptake in peripheral tissues, and 
may thus be the postulated insulin-like factor (Filkins, 1982). That this may 
be so is already supported by in v itro work and more in vivo studies are 
indicated.
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3. In the present study TNF did not cause severe pulmonary damage. 
Nevertheless, the known In v itro  and in vivo effects of TNF upon white cells, 
platelets, vascular endothelium and lung tissue make it  likely that TNF does 
play a key role in the pulmonary aspects of sepsis including ARDS and 
further study is therefore warranted, though not in a canine preparation.

4. Study 3 was an unsatisfactory attempt to answer an Important question. 
If I were to begin again I would use a different animal preparation. One 
approach would be to remove the gut and allow a recovery period during 
which the animals (probably rats) would receive parenteral nutrition. A fter 
an appropriate period of time, allowing recovery from the surgical Insult 
and its  associated stress response, TNF would be infused.

5. The data on urinary nitrogen excretion was surprising; TNF appeared to 
cause an Increase In nitrogen excretion without Increasing hlnd-limb amino 
acid nitrogen efflux, suggesting a visceral source for this nitrogen. This 
merits further investigation.

11.4 THERAPEUTIC POSSIBILITIES.

From the therapeutic standpoint, i f  the role of TNF in endotoxaemia and 
sepsis becomes firm ly established there w ill no doubt be attempts to 
inhibit, prevent or control Its effects - either at or beyond receptor level. It 
is very likely that, just as for most other elements of the immune system, 
some of TNF's effects are beneficial to the host and only when production 
gets out of control is damage caused. Inhibition of TNF effects w ill 
therefore have to be approached w ith caution. It Is possible that 
administration rather than inhibition of TNF w ill be of benefit and Indeed, 
recently published work doing just this (Hershman et al., 1989: Sheppard et 
al., 1989) suggests that TNF (and gamma-interferon) act as 
Immunomodulators, Improving survival in models of surgical sepsis and in 
endotoxaemia. In the past the potential of steroids in septic shock has not 
been realised because of an inability to give these agents at a sufficiently 
early stage of the disease process. It is likely that various forms of passive 
immunisation against TNF w ill be sim ilarly ineffective -  for the same 
reason. The data from this thesis and from the work of others suggests that 
prostaglandins may be secondary mediators of TNF. This helps us to 
understand the effects of prostaglandin inhibitors in endotoxaemia and
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suggests possible uses in human sepsis. However, their therapeutic use has 
been lim ited because of damaging effects upon the kidneys and gut. It is 
unlikely that these drawbacks, which are thought to be prostaglandin 
mediated, can be dissociated from beneficial effects. Prostaglandin 
inhibitors are therefore unlikely to be of therapeutic value in septic states. 
It is possible that specific inhibition of the lipooxygenase pathway ( if  this 
were to become possible), may have a role to play. Clinical tria ls  of TNF’s 
anti-tumour effects are in progress but no consensus on the therapeutic 
indication has yet emerged. Modification of the TNF molecule may allow the 
development of an agent which has beneficial effects, not only in the 
management of malignant tumours but in a variety of biological and clinical 
settings.
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APPENDIX

In the following pages the raw data is set out for the more important of 
the parameters referred to in the text. Other data sets are available on 
request from the author.

In these tables the time points are given across the top as "T -1", "T - 
0.5", "T 0", "T 0.5" and so on. "T 0" is the time at which the 6 hour infusion of 
TNF or saline began. MT 0.5" refers to that time point half an hour after the 
start of the infusion, and so on. The column headed by "DOG" contains three 
digit numbers which serve to identify individual animals and their studies. 
The column headed by the word "GROUP" indicates to which study group each 
animal belongs. Abbreviated entries in this column have the following
meanings;

CON = control animals from Part 1(a).
TNF = animals treated w ith TNF from Part 1(a).
CON+FLUX = control animals from Part 1(b), i.e. those in which

leg substrate flux was measured.
TNF+FLUX = TNF treated animals from Part 1(b).
CON(AWAKE) = control animals from Part 1(c), i.e. conscious

controls.
TNF(AWAKE) = TNF treated animals from Part 1(c).
CON+IBP = controls from Part 2, i.e. controls which received

Ibuprofen.
TNF+IBP = TNF treated animals from Part 2.
CON+ENT = control animals from Part 3, i.e. those in which

enterectomy was carried out.
TNF+ENT = TNF treated animals from Part 3.
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1 151 CON 220 .879 70.91
2 142 CON 260 983 44 42
3 171 CON 26.0 .983 4635
4 162 CON 23.0 .906 4739
5 131 CON 23.0 906 63.70
6 114 CON 27.0 1.008 42.04
7 152 TNF 23.0 .906 57.17
6 161 TNF 23.0 .906 4630
9 113 TNF 265 .995 4698

10 172 TNF 26.0 .983 4154
11 132 TNF 230 .906 56.09
12 141 TNF 27.0 1.008 37.41
13 311 CON+FLUX 24.0 932 36.25
14 232 CON+FLUX 24.0 .932 48.75
15 291 CON+FLUX 24.0 .932 3938
16 301 CON+FLUX 22.0 .879 55.00
17 173 CON+FLUX 26.0 983 4058
18 133 CON+FLUX 23.0 .906 62.61
19 281 TNF+FLUX 28.0 1.033 44.29
20 143 TNF+FLUX 26.0 .983 34.81
21 262 TNF+FLUX 27.0 1.008 42.96
22 242 TNF+FLUX 22.0 .879 3909
23 123 TNF+FLUX 28.0 1.033 51.43
24 163 TNF+FLUX 24.0 .932 45.62
25 191 CON (AWAKE) 25.0 .957 0
26 182 CON (AWAKE) 30.0 1.081 0
27 192 Thr (AWAKE) 25.0 .957 0
28 181 TNF (AWAKE) 30.0 1.081 0
29 272 CON+IBP 30.0 1.081 40.00
30 261 CON+IBP 27.0 1.008 42.04
31 231 CON+IBP 25.0 .957 50.00
32 221 CON+IBP 25.0 .957 44.00
33 241 CON+IBP 23.0 .906 33.26
34 331 TNF+IBP 25.0 .957 58.14
35 361 TNF+IBP 24.0 .932 47.71
36 351 TNF+IBP 22.0 .879 45.23
37 341 TNF+IBP 22.0 .879 43.64
38 321 TNF+IBP 23.0 .906 45.22
39 271 TNF+IBP 30.0 1.081 3833
40 211 TNF+IBP 215 .866 52.09
41 201 TNF+IBP 23.0 .906 44.13
42 371 CON+ENT 25.0 .957 47.00
43 412 CON+ENT 31.0 1.105 45.80
44 431 CON+ENT 23.0 .906 5720
45 322 CON+ENT 21.0 852 43.10
46 392 TNF+ENT 25.0 .957 40.00
47 421 TNF+ENT 21.0 .852 43.10
48 332 TNF+ENT 25.0 .957 54.00
49 223 TNF+ENT 26.0 .983 4058
50 382 TNF+ENT 25.0 .957 38.00
51 352 TNF+ENT 22.0 .879 45.91

Basic Characteristics
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1 I 1 “ V . J 1 V 1 1 1

1 151 CON 131 129 138 132 138 134 132 131 144 138 144 138 138 138 140
2 142 CON 159 159 154 159 157 159 161 161 161 159 161 157 163 161 159
3 171 CON 138 134 134 134 134 138 138 136 140 140 136 136 138 136 138
4 162 CON 161 165 159 159 161 163 167 165 165 163 165 163 154 157 144
5 131 CON 154 154 138 134 150 138 150 142 138 129 125 119 119 119 119
6 114 CON 129 134 132 140 132 119 119 129 117 100 108 92 79 86 71
7 152 TNF 150 152 146 148 146 140 132 119 119 106 98 81 67 69 59
8 161 TNF 146 150 148 159 154 159 159 156 152 136 134 127 123 115 92
9 113 TNF 123 134 131 134 129 129 134 127 129 131 134 132 127 125 129

10 172 TNF 150 150 146 154 129 132 125 134 125 94 96 104 63 61 84
11 132 TNF 194 196 190 156 146 150 154 154 157 150 154 144 144 117 131
12 141 TNF 146 148 146 144 134 127 115 119 109 92 96 92 92 96 92
13 311 CON+FLUX 177 184 180 179 162 180 180 180 179 180 179 177 173 175 171
14 232 CON+FLUX 140 138 138 144 146 138 138 146 146 148 140 144 140 138 140
15 291 CON+FLUX 161 161 163 156 159 156 154 150 154 157 157 161 154 163 161
16 301 CON+FLUX 152 159 154 150 150 154 150 154 150 154 148 157 154 146 154
17 173 CON+FLUX 140 152 146 140 144 144 146 144 144 144 146 146 148 144 146
18 133 CON+FLUX 149 186 184 162 186 182 182 182 179 179 173 175 167 159 154
19 281 TNF+FLUX 171 175 175 182 165 161 144 129 134 129 115 117 107 86 107
20 143 TNF+FLUX 149 157 161 157 144 134 148 152 152 117 92 92 101 108 100
21 262 TNF+FLUX 138 138 148 144 146 125 132 132 125 115 115 115 113 86 88
22 242 TNF+FLUX 134 138 136 134 134 131 129 134 138 136 134 123 111 117 115
23 123 TNF+FLUX 146 152 131 121 121 125 117 134 132 129 127 115 123 125 115
24 163 TNF+FLUX 167 152 171 160 179 159 157 154 156 134 115 119 134 131 92
25 191 CON (AWAKE) 154 140 123 134 144 138 125 136 131 129 131 123 127 136 134
26 182 CON (AWAKE) 152 148 132 144 144 140 117 131 125 131 140 144 134 138 144
27 192 TNF (AWAKE) 136 138 142 161 165 159 154 150 146 138 134 117 123 92 100
28 181 TNF (AWAKE) 115 113 117 88 102 92 92 92 92 83 81 86 88 61 61
29 272 CON+IBP 169 167 165 161 163 175 179 167 177 169 167 169 171 175 171
30 261 CON+IBP 148 148 148 148 134 134 136 144 131 131 134 138 134 132 138
31 231 CON+IBP 138 140 138 138 134 138 138 144 142 140 142 134 140 134 125
32 221 CON+IBP 134 142 146 140 142 154 152 144 138 138 154 154 140 134 132
33 241 CON+IBP 134 134 134 129 129 127 129 125 134 129 125 125 129 125 127
34 331 TNF+IBP 157 159 156 150 157 154 154 154 156 150 148 148 144 144 156
35 361 TNF+IBP 134 140 134 140 142 154 138 154 173 163 171 182 171 171 162
36 351 TNF+IBP 156 157 148 144 156 134 154 156 154 144 134 144 150 144 134
37 341 TNF+IBP 117 134 134 144 142 148 144 146 150 154 152 148 154 154 152
38 321 TNF+IBP 152 154 150 154 154 154 165 165 165 165 161 163 163 165 163
39 271 TNF+IBP 165 171 159 175 163 167 161 161 171 161 161 161 161 161 159
40 211 TNF+IBP 182 184 184 182 162 182 162 184 180 175 175 173 171 165 169
41 201 TNF+IBP 150 88 146 154 146 144 146 146 144 154 155 157 157 165 163
42 371 CON+ENT 188 186 182 184 186 188 186 180 186 180 180 182 177 173 165
43 412 CON+ENT 156 159 159 157 159 159 159 156 157 157 152 146 144 136 134
44 431 CON+ENT 163 161 163 163 167 173 175 177 175 175 175 173 173 173 175
45 322 CON+ENT 146 146 146 144 144 148 148 146 150 150 157 157 152 160 163
46 392 TNF+ENT 144 144 144 134 140 132 132 129 131 127 131 127 123 111 106
47 421 TNF+ENT 157 159 157 152 140 138 127 127 123 117 115 96 96 92 90
48 332 TNF+ENT 157 163 165 159 148 154 144 148 146 127 131 127 102 96 108
49 223 TNF+ENT 142 148 144 134 125 119 86 84 96 100 88 86 86 73 61
50 382 TNF+ENT 134 142 138 58 90 75 83 69 63 61 61 61 60 61 61
51 352 TNF+ENT 165 167 152 113 119 121 111 121 119 115 84 81 78 73 73

Mean Arterial Blood Pressure (mm.Hg.)

213



unm *' i "i I - u.j 1 V 1 V,? 1 1 1 1.? 1 4 1 4.J • J 1 1 1 1 1 W 1 1 V

1 162 CON 200 200 2.00 200 2.50 2.50 2.50 2.50 2.50 2.50 3.00 3.00 3.25 3.00 3.00
2 171 CON 1.00 1.00 1.00 .50 0 0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.50 -150 -2.00
3 172 TNF 3.00 250 2.50 400 3.00 2.00 2.00 2.00 2.00 150 0 -5 0 1.00 -5 0 -.50
4 161 TNF • • 0 0 0 -1.00 -1.00 -2.00 -3.00 -4.00 -3.00 -2.00 -2.00 -2.00 -2.00
5 301 CON+FLUX -2 5 -40 -5 0 -150 -300 -100 -150 -150 -2.00 -2.00 -150 -150 -1.50 -150 -1.50
6 291 CON+FLUX -5 0 -50 -5 0 -1.00 -1.00 -150 -5 0 -5 0 -2 5 -.50 0 0 -5 0 -.50 -5 0
7 232 CON+FLUX 1.00 1.75 1.75 1.00 1.00 150 150 1.75 1.75 150 150 150 150 150 150
8 311 CON+FLUX 1.00 -1.00 -5 0 50 50 50 50 50 50 1.00 150 1.00 1.00 1.00 50
9 173 CON+FLUX -1.00 • -100 -1.00 -2.00 -2.00 -2.00 -2.00 -1.00 -150 -1.00 -1.00 -.50 -150 0

10 281 TNF+FLUX -1.00 -1.00 -.75 -1.00 -1.00 -2.00 -250 -1.00 -150 -150 -1.00 -1.00 -1.00 -5 0 -5 0
It 262 TNF+FLUX -1.00 -1.00 -150 -4.00 -350 -250 -350 -4.50 -5.00 -5.00 -6.00 -5.00 -650 -7.00 -7.00
12 242 TNF+FLUX 0 0 0 -.25 0 0 -5 0 -1.00 -50 -1.00 -2.00 -250 -250 -2.00 -150
13 163 TNF+FLUX 100 • 100 0 0 -1.00 -1.50 1.00 0 -2.00 -2.00 -200 -1.00 -2.00 -2.50
14 143 TNF+FLUX • 5.00 5.00 5.00 3.00 3.00 3.00 2.00 2.00 3.00 2.00 2.00 1.00 1.00 3.00
15 272 CON+IBP -1.00 -.50 -1.00 -2.00 -2.00 -2.00 -5 0 -2.00 -150 -250 -250 -250 -2.00 -1.00 -2.00
16 231 CON+IBP 1.00 150 250 3.25 350 3.50 4.00 450 4.00 4.00 4.00 350 3.50 3.00 350
17 221 CON+IBP 100 1.00 1.00 1.00 100 1.00 2.00 2.00 2.00 3.00 2.00 150 3.00 275 2.00
18 241 CON+IBP -2.00 50 -5 0 50 0 0 -25 50 0 -25 50 25 -2 5 -2 5 50
19 261 CON+IBP 3.00 2.50 2.00 2.00 2.00 3.00 2.00 150 150 2.00 150 1.75 2.00 150 2.00
20 341 TNF+IBP -1.00 -2.00 -250 -2.00 -2.50 -250 -250 -250 -250 -2.00 -2.50 -2.50 -2.00 -2.50 -3.00
21 351 TNF+IBP -1.50 -2.00 -.50 -5 0 -5 0 -5 0 -1.50 -100 -1.00 -1.00 -1.00 -1.50 -1.50 -1.00 -100
22 361 TNF+IBP 2.00 2.00 2.00 2.00 2.00 150 1.00 150 1.00 1.00 1.00 2.00 50 1.00 150
23 271 TNF+IBP 125 2.00 1.00 50 1.00 150 50 1.00 1.00 .75 1.00 1.50 1.50 1.50 1.75
24 331 TNF+IBP -2.00 -1.00 -1.00 -1.25 -150 -3.00 -2.00 -2.00 -1.00 -1.00 -150 -250 -4.00 -4.00 -4.00
25 371 CON+ENT -1.00 -5 0 -5 0 -5 0 -5 0 -1.00 -1.00 -1.00 -.50 -5 0 -5 0 -1.00 -5 0 -5 0 -.50
26 322 CON+ENT -2.00 -2.00 -2.00 -2.00 -200 -2.00 -2.00 -2.00 -200 -150 -1.00 -2.00 -1.00 -150 -150
27 392 TNF+ENT -7.00 -6.00 -450 -6.00 -6.00 -6.00 -7.00 -6.00 -7.00 -7.00 -7.00 -5.00 -6.00 -6.00 -7.00
28 382 TNF+ENT -6.00 -6.00 -4.00 -4.00 -1.00 -6.00 -5.00 -6.00 -5.50 -7.00 -6.00 -7.00 -5.00 -6.00 -6.00
29 332 TNF+ENT -2.00 -2.00 -1.00 -3.00 -5.00 -350 -4.00 -4.00 -3.50 -2.00 -350 -6.00 -5.00 -6.00 -8.00
30 352 TNF+ENT -2.00 -1.00 -2.00 -2.00 -200 -3.00 -450 -4.00 -6.00 -450 -7.00 -5.00 -6.00 -6.00 -6.00

Central Venous Pressure (mm.Hg.)
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vw VTNWT 1 1 1 V » v.v 1 * • • rW • ** • . . ---- • - • ------ • -

1 162 CON 13.50 12.50 12.50 13.00 12.50 13.00 9.50 12.50 12.50 12.50 11.00 1250 11.50 9.00
2 171 CON 7.50 10.00 7.75 825 11.00 11.00 11.00 11.00 1250 11.00 10.50 1150 1150 11.50
3 172 TNF 13.50 12.50 12.00 10.00 11.00 10.00 12.00 10.00 9.00 10.00 9.50 9.75 9.75 9.50
4 161 TNF • 9.50 6.50 9.50 9.50 10.50 11.00 9.00 7.00 4.50 7.00 6.00 5.50 6.00
5 232 CON+FLUX 25.00 1650 16.00 1500 16.50 16.00 16.00 1600 16.00 1550 15.00 1500 17.00 16.00
6 291 CON+FLUX 14.00 10.00 7.50 7.50 7.50 7.75 8.00 9.00 12.50 13.00 12.50 11.00 11.00 9.00
7 311 CON+FLUX 16.00 1650 15.00 15.00 14.50 1450 14.50 15.00 14.00 14.50 14.50 13.50 13.50 1550
6 301 CON+FLUX 1450 1350 12.50 1350 12.50 13.50 14.00 14.00 14.00 14.00 15.00 1350 1450 J 4 5 0
9 173 CON+FLUX 12.00 9.00 9.00 9.00 8.00 650 6.50 8.25 625 8.25 7.50 7.25 900 850

10 163 CON+FLUX 11.50 13.00 9.00 6.00 8.00 6.00 9.00 9.50 6.50 5.50 6.50 8.00 750 7.00
11 262 TNF+FLUX 9.00 12.00 9.00 10.50 11.00 1050 9.00 8.50 10.00 9.00 11.00 12.00 11.50 4.00
12 261 TNF+FLUX 17.00 16.00 12.00 10.50 9.50 850 650 750 650 6.00 900 7.50 7.50 v.00
13 143 TNF+FLUX • 1400 10.00 11.00 11.00 10.50 10.00 1000 8.50 7.50 9.50 10.00 11.00 1150
14 242 TNF+FLUX 6.00 7.00 6.50 7.00 8.50 6.50 7.00 6.00 6.00 5.00 5.00 4.00 4.00 450
15 241 CON+IBP 6.00 9.50 9.00 8.00 9.00 6.00 9.50 8.50 9.00 9.00 9.00 9.00 850 9.50
16 221 CON+IBP 13.50 1550 14.00 15.00 17.00 15.00 15.00 1550 14.50 1550 15.50 15.50 1450 15.00
17 231 CON+IBP 21.00 1450 16.00 16.00 17.00 1450 1550 1900 1650 16.00 13.50 15.00 15.50 18.50
16 261 CON+IBP 16.00 15.50 15.00 15.00 14.00 14.50 14.00 14.00 13.50 14.50 15.50 1350 14.00 14.00
19 272 CON+IBP 15.50 15.50 14.00 14.00 14.00 13.00 12.00 13.00 12.00 13.00 10.50 11.00 1150 13.50
20 341 TNF+IBP 1150 11.00 10.50 8.50 11.50 12.00 12.50 12.00 1200 1150 11.50 14.00 14.00 14.50
21 361 TNF+IBP 1750 16.00 15.00 1650 15.00 15.00 15.50 17.00 21.00 23.50 20.00 23.00 2550 28.00
22 351 TNF+IBP 12.00 10.50 11.00 11.50 12.50 11.00 10.50 10.50 10.50 10.50 10.00 11.50 12.00 10.00
23 331 TNF+IBP 12.75 9.50 7.50 925 9.50 8.50 10.50 9.00 8.00 6.00 8.00 8.00 9.50 12.00
24 271 TNF+IBP 13.50 13.50 1250 13.00 14.50 11.00 14.00 12.50 13.00 12.50 1250 1250 12.50 13.00
25 371 CON+ENT 1450 16.50 1350 14.00 15.00 13.50 15.00 14.50 16.00 13.50 14.00 16.00 15.50 13.00
26 322 CON+ENT 1150 11.00 10.00 11.00 10.50 9.50 1050 10.00 10.00 10.00 11.00 1150 1150 11.00
27 362 TNF+ENT 7.00 5.50 0 1.00 .50 50 .50 0 0 .50 1.50 3.00 2.00 2.00
26 392 TNF+ENT 10.50 9.50 6.00 9.00 5.50 5.00 5.00 750 6.00 7.00 5.50 450 5.00 5.00
29 332 TNF+ENT 6.00 5.00 4.00 6.00 3.00 4.00 3.50 4.00 250 4.50 2.00 2.50 1.50 2.50
30 352 TNF+ENT 5.00 3.50 0 450 4.00 2.00 2.00 1.50 150 1.00 -3.00 -1.00 -4.50 -3.50
31 223 TNF+ENT 10.00 9.50 6.00 9.00 9.00 7.00 6.50 550 7.00 7.00 7.00 8.00 8.00 7.00

Mean Pulmonary Artery Pressure (mm.Hg.)
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1 1 I V « V.*/ 1 1 1 1 v * 4 « fc */ » » f «r

I 162 CON 4.00 500 5.00 450 4.00 5.00 5.00 4.00 4.00 4.00 5.00 4.50 5.00 500 5.00
2 171 CON 6.00 7.00 7.00 3.00 400 6.00 6.00 6.00 6.00 6.00 6.00 6.00 450 4.00 3.50
3 161 TNF • • 4.10 2.00 1.00 2.00 2.00 0 0 0 -1.00 1.00 2.00 2.00 1.00
4 301 CON+FLUX 0 0 1.00 1.00 1.00 2.00 1.00 .50 .25 1.00 0 1.00 1.00 0 0
5 232 CON+FLUX 5.00 6.00 600 5.00 4.00 5.00 5.00 5.00 4.00 5.00 4.00 4.00 4.00 6.00 6.00
6 291 CON+FLUX 4.00 4.00 3.00 1.00 2.00 1.50 1.00 1.00 1.50 1.00 150 1.50 1.00 50 0
7 311 CON+FLUX 5.00 4.00 5.00 4.00 4.00 5.00 5.00 3.50 3.50 3.50 3.50 3.50 3.50 3.00 2.00
8 173 CON+FLUX 3.00 • 3.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 150 1.00 1.00 2.00 100
9 242 TNF+FLUX 2.00 2.00 150 0 0 0 -.75 -115 -2.00 -2.00 -3.00 -3.50 -350 -35 0 -3.00

10 262 TNF+FLUX 2.00 2.50 2.00 -115 -1.00 -50 -2.00 -400 -3.00 -2.00 -250 -2.00 -5 0 -13.00 -12.00
I I 261 TNF+FLUX 4.00 350 3.50 1.50 .50 .50 -50 -.50 -5 0 -1.00 0 0 0 50 50
12 163 TNF+FLUX 6.00 • 6.00 4.00 4.00 6.00 5.00 6.00 5.00 3.00 2.00 2.00 3.00 2.00 3.50
13 143 TNF+FLUX • 6.00 400 200 100 100 0 0 0 1.00 0 0 0 0 1.00
14 272 CON+IBP 0 0 150 -.50 -15 -1 5 -1.00 -1.00 -1.00 -1.00 -2.00 -2.50 -100 -150 -1.00
15 231 CON+IBP 11.00 10.00 12.00 12.00 11.00 11.00 10.00 12.00 13.00 11.00 14.00 11.00 10.00 9.00 8.00
16 221 CON+IBP 2.00 2.00 2.00 3.00 3.00 3.00 4.00 4.00 3.50 450 3.75 4.50 5.00 5.00 5.00
17 241 CON+IBP 0 3.50 3.00 3.00 2.00 3.00 2.00 3.50 3.50 3.00 3.00 300 2.00 3.50 300
16 261 CON+IBP 5.00 4.50 5.00 4.00 5.00 5.00 4.50 4.00 4.50 4.00 4.00 4.00 4.00 4.00 4.00
19 341 TNF+IBP .50 0 0 0 1.50 100 1.00 150 2.00 2.00 2.50 3.00 5.00 5.00 5.00
20 351 TNF+IBP 3.00 3.50 5.00 6.00 5.50 5.50 3.50 4.00 4.00 4.00 4.50 4.00 650 6.00 6.00
21 361 TNF+IBP 1000 9.00 9.00 5.00 6.00 6.00 5.50 6.00 5.00 3.00 6.00 5.00 6.00 5.50 5.00
22 331 TNF+IBP 1.50 150 150 2.00 2.00 2.00 1.00 1.50 3.00 2.00 3.00 1.50 1.00 0 0
23 271 TNF+IBP 3.00 4.00 2.50 4.00 3.00 3.00 1.50 250 2.50 3.00 3.50 5.50 6.00 6.00 650
24 371 CON+ENT -100 -1.00 -1.00 -1.00

0121 -1.00 -150 -1.00 -.50 0 -1.00 0 2.00 2.00 150
25 322 CON+ENT 4.00 5.00 4.00 5.00 5.00 2.00 2.00 0 0 0 0 -1.00 0 0 0
26 362 TNF+ENT -2.00 -1.50 -4.00 -5.00 -5.00 -6.00 -5.50 -6.00 -7.00 -6.00 -6.00 -6.00 -5.00 -6.00 -6.00
27 392 TNF+ENT 1.00 0 -5 0 -1.00 -1.50 -2.00 -4.00 -3.00 -300 -3.00 -3.00 -250 -250 -3.00 -4.00
28 332 TNF+ENT -2.00 -4.00 -2.00 -3.00 -1.50 -150 -2.00 -3.50 -2.00 -3.00 -3.00 -2.50 -2.50 -2.50 -2.50
29 352 TNF+ENT -4.00 -4.00 -5.00 -7.00 -5.00 -5.00 -6.00 -7.00 -7.00 -7.00 -7.00 -7.00 -7.00 -6.00 -7.00
30 223 TNF+ENT 0 1.00 0 50 .50 0 -.25 -1.00 -1.00 -1.00 -1.00 -2.00 0 -1.00 -1.00

Wedge Pressure (mm.Hg.)
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1 162 CON 116 106 106 106 122 106 118 132 128 132 156 156 156 166 160
2 142 CON 130 128 136 120 122 140 136 136 134 132 144 150 166 164 156
3 151 CON 136 146 120 144 152 136 150 146 160 164 166 172 160 156 172
4 114 CON 128 126 150 132 136 160 160 150 140 134 156 140 132 140 140
5 171 CON 120 126 122 140 140 156 160 126 170 160 136 128 156 134 148
6 172 TNF 162 136 122 166 166 192 210 206 218 166 196 166 144 160 208
7 152 TNF 124 130 120 146 154 166 156 152 152 148 158 146 156 154 152
e 161 TNF 126 126 114 112 124 154 160 170 164 176 174 1.56 156 150 156
9 113 TNF 160 132 160 160 195 204 220 194 206 180 166 154 166 160 152

10 141 TNF 132 136 120 152 160 140 148 160 156 128 154 176 160 184 192
i i 301 CON+FLUX 108 152 106 100 124 106 104 124 122 120 126 202 136 130 124
12 173 CON+FLUX 152 • 140 140 160 146 150 156 166 192 166 164 172 160 160
13 232 CON+FLUX 130 120 116 118 104 114 106 106 100 102 96 96 96 90 92
14 133 CON+FLUX • 96 100 100 100 96 100 106 96 112 96 106 102 100 96
15 291 CON+FLUX 112 100 116 100 94 60 76 70 66 76 60 64 74 76 60
16 311 CON+FLUX 160 200 210 212 178 160 200 156 178 178 162 164 200 170 178
17 242 TNF+FLUX 92 92 66 100 106 116 112 136 144 178 172 194 212 202 200
16 281 TNF+FLUX 184 170 168 200 216 205 200 206 202 166 204 216 196 206 192
19 262 TNF+FLUX 94 90 96 156 166 156 157 156 150 148 148 135 156 150 152
20 143 TNF+FLUX • 128 128 193 190 160 178 160 196 178 166 172 160 190 190
21 163 TNF+FLUX 122 • 122 160 160 190 192 150 178 162 166 166 166 178 160
22 123 TNF+FLUX 120 • 135 136 152 137 134 136 141 146 152 166 170 160 170
23 191 CON (AWAKE) 134 126 66 114 100 130 110 108 102 110 96 82 96 110 90
24 162 CON (AWAKE) 94 90 84 84 90 94 66 64 70 78 110 74 94 99 100
25 192 TNF (AWAKE) 106 120 126 96 136 104 106 116 94 116 116 117 124 128 126
26 181 TNF (AWAKE) too 90 92 70 84 66 96 92 90 90 90 96 124 116 126
27 272 CON+IBP 174 174 178 166 176 174 164 162 172 148 160 156 152 164 176
26 241 CON+IBP 124 92 94 78 60 76 85 66 78 76 75 60 78 70 72
29 231 CON+IBP 135 147 113 114 121 120 116 106 107 100 101 90 96 96 120
30 261 CON+IBP 136 136 132 134 112 104 104 146 66 92 96 96 92 66 94
31 221 CON+IBP 120 126 132 110 110 144 136 104 102 98 136 150 100 100 96
32 341 TNF+IBP 106 104 100 100 90 116 140 130 120 122 144 143 172 178 186
33 351 TNF+IBP 122 102 96 70 66 64 132 146 104 106 108 164 150 166 158
34 361 TNF+IBP 106 too 64 76 74 116 76 96 110 124 134 150 140 144 150
35 321 TNF+IBP 116 122 120 126 130 174 260 182 202 210 182 196 194 184 188
36 271 TNF+IBP 176 172 190 178 174 168 178 172 183 166 150 154 160 160 164
37 201 TNF+IBP 116 106 86 114 112 110 110 96 62 114 106 76 70 90 100
36 211 TNF+IBP 164 160 160 160 184 164 186 166 192 192 196 192 184 176 166
39 331 TNF+IBP 156 144 140 102 110 120 128 136 130 144 134 150 160 180 196
40 431 CON+ENT 230 200 206 196 204 190 196 202 198 156 172 178 206 174 206
41 412 CON+ENT 176 160 170 164 170 162 164 186 160 164 148 170 156 162 164
42 371 CON+ENT 162 182 196 184 194 190 182 192 192 190 200 208 194 212 202
43 322 CON+ENT 160 164 164 160 164 170 166 166 170 166 164 174 183 176 160
44 223 TNF+ENT 154 148 146 152 143 151 146 124 134 122 146 152 152 164 156
45 352 TNF+ENT 190 196 190 216 206 220 220 228 232 236 228 216 228 204 214
46 332 TNF+ENT 178 166 166 206 206 166 212 216 206 206 214 196 220 212 206
47 362 TNF+ENT 166 176 186 150 160 160 156 150 160 160 170 162 166 184 164
46 421 TNF+ENT 166 160 162 178 174 176 196 216 214 216 206 230 224 220 204
49 392 TNF+ENT 176 176 164 166 178 174 196j 204 200 220 214 200 202 210 196

Heart Rate (beats/min.)
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* v I +J » V

1 162 CON 3.38 214 270
2 142 CON 5.87 5.05 5.46
3 171 CON 4.85 5.71 5.05
4 131 CON 2.79 254 3.16
5 152 TNF 6.02 4.03 331
6 172 TNF 533 3.62 2.92
7 161 TNF 5.01 3.74 2.84
8 132 TNF 4.77 4.17 3.42
9 141 TNF 5.75 4.27 5.01

10 301 CON+FLUX 3.64 3.69 251
11 173 CON+FLUX 538 531 520
12 311 CON+FLUX 5.85 2.94 3.45
13 133 CON+FLUX 425 434 3.48
14 232 CON+FLUX 6.97 455 3.99
15 291 CON+FLUX 4.98 3.17 2.42
16 262 TNF+FLUX 452 2.86 1.56
17 242 TNF+FLUX 385 4.67 2.68
18 281 TNF+FLUX 724 420 255
19 143 TNF+FLUX 5.62 4.15 4.02
20 123 TNF+FLUX 4.09 330 3.07
21 163 TNF+FLUX 5.23 236 2.08
22 272 CON+IBP 4.10 7.68 532
23 261 CON+IBP 4.42 2.60 3.32
24 231 CON+IBP 4.45 2.97 1.79
25 221 CON+IBP 4.49 2.78 3.69
26 241 CON+IBP 221 251 1.20
27 341 TNF+IBP 4.66 433 2.92
28 331 TNF+IBP 4.78 2.92 2.81
29 361 TNF+IBP 437 2.90 2.10
30 351 TNF+IBP 3.67 3.05 110
31 321 TNF+IBP 3.76 3.84 2.68
32 211 TNF+IBP 4.08 3.05 1.66
33 271 TNF+IBP 4.10 4.41 355
34 201 TNF+IBP 4.19 3.19 250
35 322 CON+ENT 3.53 4.51 326
36 371 CON+ENT 3.74 2.64 2.70
37 382 TNF+ENT 1.66 1.17 156
38 421 TNF+ENT 356 3.09 229
39 392 TNF+ENT 357 4.65 2.87
40 332 TNF+ENT 2.70 2.03 1.93
41 223 TNF+ENT 453 2.07 2.11
42 352 TNF+ENT 2.66 2.16 239

Cardiac Index (L./mln./m 2)



1 291 CON+FLUX 217 221 142 168 180 195
2 232 CON+FLUX 223 234 152 232 131 148
3 311 CON+FLUX 223 251 256 265 232 219
4 301 CON+FLUX 173 173 126 126 100 too
5 173 CON+FLUX 119 143 121 140 109 197
6 133 CON+FLUX 151 72 290 105 106 113
7 143 TNF+FLUX 187 139 150 94 189 87
6 123 TNF+FLUX 210 163 95 130 67 72
9 261 TNF+FLUX 236 228 145 149 119 88

10 163 TNF+FLUX 304 124 130 68 186 90
11 242 TNF+FLUX 67 73 60 146 47 69
12 262 TNF+FLUX 157 160 79 69 51 52

Hind-limb Blood Flow (ml./min.)
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1 162 CON 36.3 364 366 387 388 38.9 391 39.0 39.2 39.2 392 39.3 39.3 39.3 39.3
2 142 CON 37.9 37.9 36.0 38.0 382 38.3 384 38.5 38.6 387 38.8 38.9 392 39.3 395
3 151 CON 39.0 39.1 39.3 39.3 39.4 394 39.3 39.3 39.2 39.1 39.1 39.2 39.1 39.2 39.1
4 131 CON 36.5 36.7 36.9 37.1 37.3 37.5 37.6 37.8 38.1 38.3 385 385 38.4 38.4 384
5 114 CON 37.6 378 379 38.1 38.3 38.4 38.7 39.0 391 39.3 395 396 39.6 396 396
6 171 CON 37.6 375 37.5 37.5 37.6 37.7 38.0 38.0 381 383 38.4 38.4 384 38.4 384
7 172 TNF 38.0 38.1 38.3 38.6 39.1 395 39.4 39.5 39.6 39.9 399 39.9 39.9 39.7 39.6
6 161 TNF 36.3 38.4 38.6 38.8 39.1 395 39.6 39.9 40.1 40.0 40.1 40.1 40.1 402 40.1
9 152 TNF 393 39.3 394 39.6 39.8 39.8 39.9 40.1 401 40.3 40.6 406 406 40.6 405

10 132 TNF 37.6 37.7 37.8 38.3 38.7 39.0 39.1 39.1 39.4 392 394 395 395 39.7 39.7
11 141 TNF 375 37.6 37.7 38.0 385 38.6 38.7 39.1 39.1 39.0 38.7 38.5 38.6 383 38.4
12 113 TNF 37.7 37.9 38.0 38.6 395 39.8 405 40.0 39.6 39.5 39.5 39.6 37.6 36.2 35.6
13 301 CON+FLUX 36.4 36.4 36.6 36.7 36.7 36.8 36.9 370 371 37.5 37.6 37.6 377 378 378
14 173 CON+FLUX 37.6 • 37.9 38.4 385 38.6 387 38.6 36.9 39.0 39.2 395 39.3 39.4 39.4
15 232 CON+FLUX 37.1 36.9 36.6 36.6 36.6 36.6 36.6 36.6 36.6 36.5 36.5 36.5 36.5 36.6 36.6
10 311 CON+FLUX 36.9 36.9 36.9 37.5 37.6 37.8 38.1 382 385 385 36.6 38.7 38.8 39.1 39.1
17 133 CON+FLUX • 36.2 36.2 36.4 36.7 36.8 36.9 37.0 37.2 37.3 37.4 37.7 38.0 38.1 382
id 291 CON+FLUX 37.6 37.8 37.9 38.1 382 38.3 385 38.3 38.3 38.3 38.3 38.3 38.3 38.3 38.4
19 262 TNF+FLUX 37.6 37.8 37.8 38.4 38.6 38.6 38.5 38.9 39.3 39.4 39.8 40.1 40.5 407 41.1
20 201 TNF+FLUX 36.3 38.5 38.6 38.9 39.2 395 39.4 39.4 39.4 39.5 39.5 39.6 39.6 39.6 39.7
21 242 TNF+FLUX 373 37.2 37.2 36.9 37.0 37.1 371 37.2 37.5 37.9 385 38.9 39.3 394 39.9
22 143 TNF+FLUX • 39.0 39.0 39.8 40.3 40.6 40.8 41.0 412 41.3 41.3 41.3 412 41.2 412
23 163 TNF+FLUX 36.3 • 38.4 39.2 39.7 40.0 40.3 40.4 40.4 40.5 40.5 40.0 40.3 405 40.2
24 123 TNF+FLUX 36.7 • 36.8 37.0 37.1 375 37.4 37.6 375 37.4 37.6 37.6 37.7 375 375
25 102 CON (AWAKE) 36.7 36.7 36.6 38.5 38.5 38.5 38.5 384 384 38.4 385 38.3 38.4 38.4 384
26 191 CON (AWAKE) 39.1 39.1 39.1 39.0 38.9 38.8 38.9 38.9 38.7 38.7 38.7 38.6 38.5 38.6 38.6
27 101 TNF (AWAKE) 365 38.4 38.3 38.4 38.6 38.6 38.7 38.8 38.9 38.7 38.7 38.7 38.6 38.6 38.6
2d 192 TNF (AWAKE) 36.9 38.9 38.7 36.9 39.5 39.8 39.9 40.0 40.0 40.0 39.6 39.6 39.7 395 395
29 272 CON+IBP 37.1 37.1 37.1 372 372 37.3 375 37.3 37.3 375 37.3 37.3 37.3 37.4 37.7
30 241 CON+IBP 36.3 38.3 38.2 382 38.1 382 38.2 38.0 37.9 38.0 38.0 37.8 37.6 37.4 37.4
31 231 CON+IBP 37.6 37.6 37.6 37.6 37.4 37.3 37.2 37.1 36.9 36.8 36.6 36.4 36.3 36.2 36.1
32 221 CON+IBP 36.8 36.8 36.8 36.8 36.6 36.7 36.8 36.8 37.4 37.5 37.5 37.6 37.7 37.6 37.6
33 261 CON+IBP 38.1 38.0 37.9 37.9 37.8 37.8 37.7 37.6 37.6 37.5 37.5 37.4 37.4 37.4 375
34 351 TNF+IBP 36.0 38.1 38.2 38.3 385 385 38.2 38.2 38.3 385 38.4 38.6 38.6 39.1 39.1
35 341 TNF+IBP 38.1 37.8 37.8 37.7 37.8 37.8 38.0 38.1 38.2 38.2 38.3 38.4 38.4 38.5 38.6
36 361 TNF+IBP 37.2 37.2 37.2 36.9 36.9 36.7 365 36.4 36.2 36.3 365 36.1 36.2 362 37.1
37 211 TNF+IBP 36.6 366 36.6 36.7 36.7 36.8 36.8 37.0 37.1 37.2 372 37.3 37.3 37.4 37.5
3d 271 TNF+IBP 36.6 365 36.5 36.7 36.9 37.1 37.4 37.4 37.6 37.8 37.9 37.9 37.8 38.2 38.4
39 321 TNF+IBP 373 37.2 372 37.0 37.1 37.1 37.1 37.1 37.1 37.1 37.1 37.2 37.4 37.5 37.8
40 201 TNF+IBP 37.6 37.8 37.7 37.5 37.5 375 37.4 37.4 37.4 37.4 37.2 37.2 37.1 37.2 37.4
41 331 TNF+IBP 38.0 38.0 36.0 385 384 38.6 388 39.0 39.0 39.2 39.5 39.7 39.8 40.0 40.1
42 412 CON+ENT 37.4 37.7 38.0 385 38.7 38.9 39.1 39.4 39.5 39.6 39.8 39.8 39.8 39.8 39.7
43 431 CON+ENT 37.2 374 37.6 37.9 38.2 38.4 38.7 39.0 39.2 39.4 39.6 39.6 39.7 39.9 39.9
44 322 CON+ENT • 365 36.6 36.7 36.7 37.0 37.7 37.9 38.1 38.5 38.7 39.1 39.2 395 39.7
45 371 CON+ENT 36.9 37.3 378 384 38.7 39.2 394 395 395 39.6 39.6 39.7 39.6 39.5 39.6
46 223 TNF+ENT 36.0 36.0 36.0 364 36.6 36.8 37.0 372 37.1 37.1 37.1 37.3 37.4 37.5 37.7
47 352 TNF+ENT 37.8 36.3 38.6 395 39.6 40.1 40.6 40.9 41.3 415 41.6 415 415 41.4 41.3
4d 332 TNF+ENT 37.7 38.1 38.7 39.1 39.6 39.9 40.2 40.5 40.6 40.8 40.9 40.9 40.9 40.9 40.9
49 302 TNF+ENT 36.1 365 366 36.6 368 368 36.8 36.6 36.7 36.6 36.6 36.7 36.8 36.6 36.8
50 421 TNF+ENT 37.1 37.1 37.1 375 37.6 37.9 385 385 38.8 39.1 39.3 39.8 39.9 39.8 39.9
51 392 TNF+ENT 365 38.9 392 39.9 405 41.0 415 41.6 41.8 41.8 41.8 41.6 41.5 41.4 415

Temperature (°C.)

2 2 0



1 151 CON 586 006 729 10.36 1014 7.09 661 402 5.32 447 4.15 4.39 4.23 4.54 4.31
2 142 CON 420 4.49 4.06 442 4.42 3.73 5.60 4.90 5.39 546 5.32 6.16 5.46 6.02 655
3 171 CON 5.64 6.10 6.27 7.32 8.41 8.13 6.69 7.66 9.10 8.97 9.16 7.10 7.01 6.65 5.71
4 102 CON 459 5.04 5.04 7.03 5.63 6.08 750 631 7.08 7.00 7.10 7.98 8.44 10.71 9.93
5 114 CON 441 4.60 5.06 4.41 513 5.67 6.41 4.58 513 4.39 403 687 5.50 4.65 5.04
6 131 CON 4.94 4.17 4.09 2.78 5.02 4.09 2.84 4.38 558 4.23 3.84 4.45 3.84 3.45 4.91
7 101 TNF 5.65 651 659 8.32 7.83 8.32 10.58 10.26 10.64 12.16 1232 12.16 1254 11.13 10.95
8 152 TNF 5.65 6.84 6.61 5.75 620 5.60 756 7.41 7.76 9.88 9.66 10.64 11.17 12.92 13.00
9 113 TNF 5.09 554 4.69 6.27 1054 12.82 13.23 15.20 1453 15.70 1143 21.44 26.72 13.03 26.06

10 172 TNF 5.46 7.08 7.64 10.09 9.66 9.97 1359 11.85 13.10 17.63 16.38 10.24 16.94 1129 15.33
11 141 TNF 3.94 5.00 3.43 659 6.84 7.31 923 9.56 9.77 1039 10.60 11.88 14.15 13.67 11.66
12 132 TNF 4.07 3.30 4.60 4.91 4.91 4.83 6.15 6.91 5.12 7.45 7.14 7.45 8.13 8.13 6.06
13 311 CON+FLUX 4.75 5.97 656 5.05 4.95 7.84 462 6.23 453 5.28 1101 4.53 4.53 5.13 10.56
14 232 CON+FLUX 352 4.02 4.02 427 3.82 3.61 4.00 4.00 451 3.15 4.21 4.90 5.00 4.70 5.00
15 291 CON+FLUX 3.30 3.61 4.00 3.83 7.47 5.77 7.96 428 5.08 4.65 6.27 7.96 4.47 4.68 6.66
10 301 CON+FLUX 3.32 3.96 3.42 3.90 422 452 425 4.52 4.20 4.46 3.99 4.49 4.41 3.67 3.41
17 173 CON+FLUX 621 • 6.28 5.79 6.21 5.50 5.72 546 6.31 6.02 5.32 5.75 5.61 5.42 6.54
16 133 CON+FLUX • 2.09 321 1.83 3.65 2.78 2.81 327 359 2.30 3.44 6.35 3.82 2.67 2.21
19 123 TNF+FLUX • 5.92 6.06 7.88 7.00 7.68 6.93 842 7.55 6.74 7.95 741 687 7.07 7.07
20 202 TNF+FLUX 3.61 259 4.07 852 7.87 7.59 846 8.56 10.12 1427 11.60 14.72 14.81 17.86 19.05
21 242 TNF+FLUX 1.99 253 2.07 2.07 255 187 2.13 361 5.73 4.40 6.05 7.63 769 891 5.04
22 143 TNF+FLUX • 5.99 6.69 9.01 9.72 11.08 12.96 1533 1658 14.77 17.70 24.04 25.88 28.10 2242
23 163 TNF+FLUX 6.91 • 7.14 10.79 12.61 12.12 12.71 11.97 12.12 13.59 12.64 15.15 11.08 13.15 11.62
24 281 TNF+FLUX 4.78 3.86 3.95 6.28 7.41 7.18 7.45 835 655 7.63 11.76 9.07 1053 9.87 9.87
25 272 CON+IBP 5.63 537 7.97 5.02 4.25 4.33 459 455 425 4.16 4.16 3.81 7.28 633 641
20 201 CON+IBP 4.67 4.21 3.93 5.61 4.92 5.11 4.55 5.02 4.19 433 5.11 550 4.64 4.19 4.46
27 231 CON+IBP 4.48 556 527 553 4.94 5.62 524 5.85 524 3.68 5.45 4.24 3.07 522 5.63
26 221 CON+IBP 2.93 3.41 3.01 3.78 3.56 6.08 5.91 424 5.40 5.21 5.96 9.12 4.83 5.04 7.44
29 241 CON+IBP 5.01 4.00 6.15 6.15 6.66 6.25 6.56 4.81 6.25 7.78 2.87 2.46 2.46 3.07 2.97
30 331 TNF+IBP 659 7.16 724 7.16 7.60 8.77 721 9.75 12.42 1656 12.64 16.08 21.04 22.00 22.43
31 361 TNF+IBP 3.19 2.9S 3.41 3.79 4.25 3.54 3.04 3.92 5.95 352 533 5.13 6.41 4.62 5.02
32 351 TNF+IBP 550 5.02 4.62 4.94 550 6.60 4.94 10.61 7.43 7.95 627 6.19 7.95 9.15 10.10
33 341 TNF+IBP 224 2.68 3.04 358 3.61 8.75 3.61 4.14 458 452 4.74 550 5.80 548 10.13
34 321 TNF+IBP 252 2.78 2.47 354 329 4.12 10.03 5.14 9.11 6.48 5.66 823 8.02 8.23 12.04
35 271 TNF+IBP 4.51 9.94 8.71 6.19 5.88 8.41 650 9.70 6.83 5.89 5.72 867 854 6.47 724
36 211 TNF+IBP 4.85 5.82 5.17 550 5.82 5.60 625 6.47 6.70 5.92 7.10 6.14 655 8.80 6.94
37 201 TNF+IBP 2.69 352 4.64 4.83 5.18 5.45 556 5.66 5.41 9.26 6.26 632 10.30 10.30 12.25
38 371 CON+ENT 5.46 6.99 8.07 7.49 852 9.03 7.44 7.49 755 631 7.86 9.20 8.08 8.32 8.22
39 412 CON+ENT 12.14 11.95 13.42 10.14 11.19 1554 10.48 9.27 9.58 678 16.43 1131 15.98 12.62 12.91
40 431 CON+ENT 627 7.02 8.02 7.79 753 8.69 8.58 858 8.58 858 6.11 7.48 7.90 6.39 658
41 322 CON+ENT 5.55 3.38 458 617 6.83 6.50 4.55 4.23 5.20 531 6.83 6.94 4.68 6.07 5.59
42 392 TNF+ENT 10.38 822 9.69 1028 12.24 11.01 13.22 12.40 12.48 11.23 15.05 11.75 11.01 9.83 16.45
43 421 TNF+ENT 5.04 4.65 3.49 528 725 825 7.15 9.65 1237 13.52 9.98 10.14 19.01 13.52 9.46
44 332 TNF+ENT 9.54 1253 14.24 9.79 8.88 9.79 12.04 11.55 1058 8.69 12.42 10.23 9.79 10.23 8.04
45 223 TNF+ENT 4.20 3.56 4 46 4.84 5.70 6.60 7.92 9.44 9.62 9.05 9.44 8.76 8.59 11.41 10.09
40 362 TNF+ENT 5.80 4.41 4.41 529 6.75 6.07 7.04 7.04 8.30 8.15 7.83 881 10.72 11.31 1028
47 352 TNF+ENT 7.83 7.19 755 9.81 11.77 11.54 10.61 13.37 13.98 12.55 12.79 13.58 11.62 12.79 10.86

Minute Ventilation (L./min./m 2)
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1 151 CON 167 164 188 168 197 181 171 184 182 177 156 164 162 172 152
2 142 CON 157 151 145 157 148 157 176 169 164 183 162 187 204 183 187
3 171 CON 146 146 130 156 174 158 127 145 165 159 172 157 143 165 170
4 162 CON 139 147 137 172 151 149 159 153 139 136 145 139 129 145 137
5 114 CON 177 170 163 161 169 167 193 215 164 185 164 209 209 160 174
6 131 CON 163 148 148 117 166 142 134 141 145 139 137 129 137 121 134
7 161 TNF 155 167 174 173 172 179 191 200 167 172 169 182 158 162 157
6 152 TNF 172 164 159 187 180 168 172 172 161 168 163 169 168 175 181
9 113 TNF 175 173 157 251 236 228 233 219 226 205 184 199 219 193 205

10 172 TNF 148 164 164 173 164 200 193 177 177 188 177 170 <93 184 177
11 141 TNF 146 150 159 148 170 159 165 181 176 191 181 196 196 198 196
12 132 TNF 141 134 164 168 164 162 174 185 178 174 157 180 190 188 211
13 311 CON+FLUX 138 183 202 172 175 160 126 135 134 193 201 193 175 194 167
14 232 CON+FLUX 177 170 151 130 101 163 150 143 145 73 80 170 151 111 144
15 291 CON+FLUX 134 144 151 132 106 106 108 86 118 124 123 132 116 100 99
16 301 CON+FLUX 127 140 124 114 81 100 131 141 131 126 131 115 129 97 97
17 173 CON+FLUX 173 • 164 162 145 153 164 182 153 180 164 160 167 149 181
18 133 CON+FLUX • 108 126 116 123 121 83 128 146 128 141 192 141 128 128
19 123 TNF+FLUX • 241 140 216 168 157 177 179 184 155 151 152 148 182 168
20 262 TNF+FLUX 152 142 163 135 140 145 189 181 181 186 206 187 165 174 165
21 242 TNF+FLUX 109 126 116 85 129 134 143 148 215 160 215 261 180 188 165
22 143 TNF+FLUX • 186 180 201 209 184 180 202 205 192 213 229 230 246 232
23 163 TNF+FLUX 168 • 144 173 193 167 175 215 117 146 124 191 172 158 142
24 281 TNF+FLUX 172 168 170 159 161 152 135 191 184 175 184 179 172 145 137
25 272 CON+IBP 181 177 152 124 100 113 116 184 178 194 158 167 142 153 147
26 261 CON+IBP 173 154 147 140 151 165 186 160 113 121 103 170 170 170 148
27 231 CON+IBP 161 158 131 123 140 154 145 133 92 87 158 148 102 98 82
28 221 CON+IBP 131 138 126 96 127 146 119 101 98 120 139 172 110 116 133
29 241 CON+IBP 135 136 87 104 132 129 108 121 104 132 110 109 75 73 56
30 331 TNF+IBP 172 168 167 153 146 161 146 113 124 150 188 195 193 199 228
31 361 TNF+IBP 134 127 121 114 104 123 134 149 126 153 127 141 149 172 144
32 351 TNF+IBP 159 157 151 133 138 125 131 119 147 154 170 151 167 154 170
33 341 TNF+IBP 155 144 129 133 133 151 123 100 162 170 172 174 163 170 174
34 321 TNF+IBP 126 126 137 103 103 124 143 168 185 198 161 164 155 160 155
35 271 TNF+IBP 180 204 142 169 124 201 207 207 175 194 167 168 190 167 201
36 211 TNF+IBP 126 80 122 122 133 94 112 133 151 135 136 151 137 133 135
37 201 TNF+IBP 130 169 151 156 146 140 198 151 140 111 143 148 136 130 142
38 371 CON+ENT 154 152 202 191 197 168 162 133 126 148 138 136 141 129 156
39 412 CON+ENT 191 193 180 195 188 191 218 174 195 186 186 193 188 182 191
40 431 CON+ENT 161 142 116 140 126 168 168 181 183 187 168 168 179 174 179
41 322 CON+ENT 141 119 138 134 127 119 88 92 167 153 184 161 149 158 142
42 392 TNF+ENT 186 215 177 242 193 199 230 175 223 241 216 180 185 216 171
43 421 TNF+ENT 182 133 112 150 194 178 155 181 216 210 137 120 155 158 138
44 332 TNF+ENT 195 192 183 207 176 187 196 179 169 169 191 167 172 169 158
45 223 TNF+ENT 134 120 106 130 126 122 101 94 118 150 149 134 136 158 122
46 382 TNF+ENT 184 173 132 98 108 124 122 95 91 94 98 108 147 122 132
47 352 TNF+ENT 212 198 174 182 226 173 159 191 206 191 166 168 150 188 188

Oxygen Consumption (ml./m1n./m 2)

2 2 2



1 151 CON .030 .040 030 030 .030 .030
2 142 CON .030 .030 .030 .030 .030 .050
3 171 CON .040 .040 .050 .040 .040 .030
4 162 CON .060 .070 .070 .060 .070 .060
5 114 CON 050 040 .040 040 .050 050
6 131 CON .030 .040 .040 .040 .040 .040
7 161 TNF .050 .070 .060 .060 .090 .110
6 152 TNF .050 .050 .060 .070 .090 .060
9 113 TNF .030 .050 .110 .140 .140 .150

10 172 TNF .070 .100 .140 .140 .140 .140
11 141 TNF 040 .020 .030 .040 .050 .120
12 132 TNF .020 .040 .060 .050 .060 .060
13 191 CON (AWAKE) .030 .030 030 .030 030 .060
14 162 CON (AWAKE) .050 .050 .040 .030 .030 .050
15 192 TNF (AWAKE) .040 .030 .050 .050 .150 .060
16 161 TNF (AWAKE) .050 .050 .030 .050 .050 .090
17 291 CON+FLUX .060 050 .040
16 301 CON+FLUX .050 .040 .040
19 232 CON+FLUX .050 .040 .040
20 311 CON+FLUX .050 .040 .040
21 133 CON+FLUX .060 .040 .050
22 173 CON+FLUX .050 .050 .050
23 262 TNF+FLUX .050 .100 .190
24 242 TNF+FLUX .090 .120 .150
25 261 TNF+FLUX .090 .160 .170
26 123 TNF+FLUX .050 .090 .110
27 163 TNF+FLUX .140 .210 .260
26 143 TNF+FLUX .050 .100 .140
29 272 CON+IBP .090 .070 .070 .060 .040 .070
30 261 CON+IBP .030 .040 .040 .030 .030 .030
31 231 CON+IBP .050 .030 .040 .030 .030 .030
32 221 CON+IBP .030 .030 .030 .030 .030 .020
33 241 CON+IBP .040 .040 .040 .040 .040 .040
34 331 TNF+IBP .030 .030 .040 .050 .050 .050
35 361 TNF+IBP .040 .050 .050 .050 .060 .060
36 351 TNF+IBP .040 .050 .070 .060 .090 .100
37 341 TNF+IBP .060 .060 .060 .070 .060 060
36 321 TNF+IBP .030 .040 .040 .050 .060 .050
39 271 TNF+IBP .040 .040 .070 .060 .060 .060
40 211 TNF+IBP .030 .030 .030 .040 .050 .050
41 201 TNF+IBP .020 040 .030 .040 .030 .070
42 371 CON+ENT .040 .040 .050 .070 .050 .070
43 412 CON+ENT .130 .120 .130 .120 .140 .140
44 431 CON+ENT .140 .140 .130 .130 .120 .100
45 322 CON+ENT .060 .060 .070 .060 .040 .040
46 392 TNF+ENT .070 .100 .130 .130 .120 .170
47 421 TNF+ENT .100 .120 .110 .110 .130 .130
45 332 TNF+ENT .040 .060 .060 .060 .060 .060
49 223 TNF+ENT 060 060 .090 .060 .070 090
50 362 TNF+ENT .040 .090 .130 .140 .160 210
51 352 Tt'F+ENT .050 .090 .100 .100 .140 .150

Pyruvate (mmol./L.)
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1 151 CON .63 .61 .73 127 .67 46
2 142 CON .47 36 .46 52 .46 56
3 171 CON 1.21 132 .77 .83 .83 .61
4 162 CON .91 1.04 1.17 .76 .86 .68
5 131 CON 50 1 15 97 77 .69 73
6 114 CON .76 .74 .46 .42 .85 .76
7 152 TNF .97 159 1.41 1.27 1.67 247
8 161 TNF .99 136 1.46 1.61 1.23 2.14
9 113 TNF 66 97 1.62 2.19 2.91 3.03

10 172 TNF 1.26 1.29 135 232 2.23 2.06
n 132 TNF .52 1.30 1.41 130 138 1.43
12 141 TNF .47 .85 .60 1.06 1.61 1.81
13 311 CON+FLUX 71 • .52 • • 57
14 232 CON+FLUX .63 • .66 • • .54
15 291 CON+FLUX 1.26 • .91 • • .85
16 301 CON+FLUX 1.13 • .65 • • .71
17 173 CON+FLUX 55 • .44 ■ ■ 35
16 133 CON+FLUX .64 • 50 • • .65
19 261 TNF+FLUX 1.17 • 1.82 • • 1.86
20 143 TNF+FLUX 53 • 1.03 • • 1.90
21 262 TNF+FLUX 63 • 1.26 • • 417
22 242 TNF+FLUX .94 • 1.64 • • 1.85
23 123 TNF+FLUX .59 • .99 • ■ 1.38
24 163 TNF+FLUX 1.41 • 1.89 • • 2.84
25 191 CON (AWAKE) .67 .68 .76 .71 52 46
26 162 CON (AWAKE) .60 .61 .61 52 .46 .56
27 192 TNF (AWAKE) 55 .76 1.64 1.61 1.85 2.25
26 161 TNF (AWAKE) .97 1.14 1.00 1.14 1.97 2.47
29 272 CON+IBP 1.27 152 235 1.85 1.81 159
30 261 CON+IBP .76 .69 .67 .59 .61 .62
31 231 CON+IBP 1.06 .91 1.16 .91 1.05 .59
32 221 CON+IBP .66 .46 .79 .64 59 .47
33 241 CON+IBP 105 1.27 1.27 1.06 .77 74
34 331 TNF+IBP .97 1.11 1.43 127 127 1.16
35 361 TNF+IBP .91 1.00 1.82 1.67 1.71 1.61
36 351 TNF+IBP .69 1.64 2.53 2.25 211 1.97
37 341 TNF+IBP 1.03 102 1.29 1 14 1.30 141
36 321 TNF+IBP .82 .91 1.06 1.14 127 1.37
39 271 TNF+IBP 1.27 152 235 1.65 1.81 159
40 211 TNF+IBP 1.17 .66 159 2.12 2.14 2.15
41 201 TNF+IBP 1.14 97 137 77 1.09 137
42 371 CON+ENT .76 123 121 1.17 1.67 138
43 412 CON+ENT 2.19 2.31 2.72 2.59 2.56 2.41
44 431 CON+ENT 258 2.79 252 229 1.96 1.69
45 322 CON+ENT 77 93 .68 71 62 74
46 392 TNF+ENT 159 234 3.66 354 334 325
47 421 TNF+ENT 1.14 1.67 1.49 1.79 1.91 2.08
46 332 TNF+ENT 1.06 137 1.61 1.59 1.64 1.55
49 223 TNF+ENT .63 136 1.87 1.61 1.47 1.67
50 382 TNF+ENT .97 272 2.94 3.03 4.13 439
51 352 TFf+ENT .83 1.67 1.64 1.61 226 279

Lactate (mmol./L)
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1 151 CON 4.50 4.39 445 445 445 445 445
2 142 CON 4.45 439 4.17 4.39 4.34 439 4.45
3 171 CON 4.26 4.11 423 4.28 417 423 423
4 162 CON 4.67 4.67 4.61 4.39 4.39 4.56 4.67
5 131 CON 4.61 4.45 456 4.61 4.84 4.69 5.06
6 114 CON 4.64 4.95 4.67 4.61 4.61 4.45 445
7 152 TNF 467 456 450 445 417 395 3.26
3 161 TNF 4.76 456 4.50 4.34 4.61 4.61 4.61
9 113 TNF 445 4.17 3.78 3.73 3.78 3.78 361

10 172 TNF 4.26 4.23 4.11 3.89 3.95 4.00 3.95
11 132 TNF 5.12 4.28 3.89 3.78 4.06 4.00 4.17
12 141 TNF 4.45 4.11 3.73 334 328 328 3.50
13 311 CON+FLUX 4.61 • • 478 • 4.73
14 232 CON+aUX 423 • • 4.11 • 434
15 291 coN+aux 5.00 • ■ 4.67 • 450
16 301 coN+aux 4.45 • • 4.28 • 423
17 173 ccw+aux 4.69 • • 4.73 • 456
16 133 coN+aux 4.76 • • 5.12 • 5.06
19 261 TNF+FLUX 4.56 • • 3.45 • 3.61
20 143 TNF+FLUX 4.67 • • 4.00 • 3.56
21 262 TNF+FLUX 406 • • 339 • 272
22 242 TNF+FLUX 523 • • 423 • 4.84
23 123 TNF+aUX 4.73 • • 439 • 4.73
24 163 TNF+aUX 5.23 • • 4.67 • 4.61
25 191 CON (AWAKE) 4.11 3.89 3.78 3.84 3.95 3.95 4.00
26 162 CON (AWAKE) 434 4.23 423 423 4.17 423 439
27 192 TNF (AWAKE) 3.73 356 3.95 350 328 2.78 289
26 161 TNF (AWAKE) 426 3.95 3.76 350 3.45 3.17 2.61
29 272 CON+IBP 5.64 6.28 5.78 5.17 5.28 5.17 4.50
30 261 CON+IBP 3.45 356 334 3.34 334 328 328
31 231 CON+IBP 4.45 4.45 4.45 423 439 428 450
32 221 CON+IBP 439 439 426 4.61 4.50 5.00 4.67
33 241 CON+IBP 4.23 4.28 4.17 4.17 4.17 4.28 434
34 331 TNF+IBP 4.17 3.64 3.73 339 3.06 2.84 2.67

.35 361 TNF+IBP 4.45 4.11 4.11 3.89 3.95 3.67 3.78
36 351 TNF+IBP 423 3.89 3.61 334 339 3.45 3.56
37 341 TNF+IBP 4.34 423 3.61 3.61 3.22 2.56 2.39
36 321 TNF+IBP 4.73 4.11 3.89 3.17 2.84 3.17 3.73
39 271 TNF+IBP 5.00 523 4.89 4.23 4.11 4.39 4.17
40 211 TNF+IBP 4.26 3.78 3.67 3.17 3.11 3.11 3.06
41 201 TNF+IBP 4.11 3.84 334 2.78 2.67 239 2.78
42 371 CON+ENT 5.12 5.12 534 5.39 534 5.34 539
43 412 CON+ENT 5.26 5.73 639 6.62 6.67 6.45 651
44 431 CON+ENT 5.06 5.12 5.45 523 5.34 523 5.45
45 322 CON+ENT 534 539 556 567 556 5.73 556
46 392 TNF+ENT 539 5.00 5.67 5.50 5.67 5.56 562
47 421 TNF+ENT 4.89 4.61 4.64 4.39 439 4.17 4.17
46 332 TNF+ENT 4.23 4.45 428 4.17 4.06 3.89 3.84
49 223 TNF+ENT 4.17 4 17 434 4 67 4.67 4.11 3.95
50 362 TNF+ENT 5.26 5.67 5.95 5.62 528 5.06 5.06
51 352 TNF+ENT 5.45 528 534 5.12 4.95 4.67 4.67

Glucose (mmol./L.)
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I 162 CON 60 66 62 55 56 58
2 142 CON 43 43 41 37 40 39
3 151 CON 43 44 44 43 36 39
4 171 CON 65 72 60 60 56 56
5 114 CON 56 63 62 59 56 50
6 131 CON 62 57 56 56 56 56
7 161 TNF 44 45 44 55 59 66
8 172 TNF 72 71 63 71 65 79
9 132 TNF 67 63 56 54 56 51

to 113 TNF 52 57 54 61 63 66
I t 152 TNF 46 44 44 50 54 55
12 141 TNF 43 40 43 46 61 58
13 162 CON (AWAKE) 55 51 51 51 41 42
14 191 CON (AWAKE) 44 40 34 37 35 36
15 192 TNF (AWAKE) 36 37 40 36 36 37
16 161 TNF (AWAKE) 49 52 45 56 79 87
17 261 CON+IBP 44 47 66 47 46 50
16 231 CON+IBP 47 46 47 49 51 56
19 241 CON+IBP 43 46 40 41 43 41
20 272 CON+IBP 55 46 40 43 46 50
21 221 CON+IBP 49 43 41 69 43 35
22 331 TNF+IBP 39 41 51 63 90 102
23 361 TNF+IBP 52 55 65 76 101 127
24 351 TNF+IBP 50 52 66 69 67 63
25 341 TNF+IBP 52 47 53 66 63 105
20 321 TNF+IBP 22 33 51 56 66 57
27 211 TNF+IBP 49 61 63 63 77 91
26 201 TNF+IBP 30 36 42 42 54 56
29 271 TNF+IBP 43 44 37 40 39 39
30 322 CON+ENT 40 36 37 44 49 56
31 371 CON+ENT 66 66 63 55 57 57
32 412 CON+ENT 51 51 60 56 63 54
33 431 CON+ENT 37 36 36 40 40 37
34 392 TNF+ENT 51 45 56 59 56 56
35 421 Tftf+ENT 45 49 53 61 68 66
36 332 TNF+ENT 46 44 52 64 61 56
37 223 TNF+ENT 56 51 52 46 52 54
36 362 TNF+ENT 66 76 67 62 65 74
39 352 TNF+ENT 42 50 56 56 55 55

Triglycerides (mg.?S)
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--------
1 162 CON 1225 1065 1105 1025 1185 1105
2 142 CON 650 820 1570 1600 1670 1840
3 151 CON 650 1160 1055 1195 1330 715
4 171 CON 870 910 1145 1065 1305 1225
5 114 CON 895 965 1070 1250 1180 1070
6 131 CON 750 930 895 1000 1070 1000
7 161 TNF 870 910 945 985 1265 1025
8 172 TNF 1225 1895 1105 870 1340 1340
9 132 TNF 1070 1000 1105 1145 1215 1035

10 113 TNF 785 895 930 1105 1285 1215
11 152 TNF 920 885 1090 920 1195 920
12 141 TNF 510 580 820 1430 1535 1230
13 182 CON (AWAKE) 780 840 870 780 • 690
H 191 CON (AWAKE) 835 1195 1000 1085 1085 1195
15 192 TNF (AWAKE) 835 11 to 1055 1140 945 970
16 181 TNF (AWAKE) 500 415 470 610 805 970
17 261 CON+IBP 585 780 915 880 915 915
18 231 CON+IBP 520 520 685 620 650 780
19 241 CON+IBP 520 585 650 555 715 455
20 272 CON+IBP 930 785 930 1855 1320 1465
21 221 CON+IBP 1020 600 540 510 570 600
22 331 TNF+IBP 535 750 1000 1070 1500 1785
23 361 TNF+IBP 500 535 785 930 1070 1035
24 351 TNF+IBP 570 680 930 965 965 785
25 341 TNF+IBP 605 820 930 895 1250 1250
26 321 TNF+IBP 1070 1640 1430 1645 1500 1395
27 211 TNF+IBP 1050 1230 1110 1110 1110 1230
28 201 TNF+IBP 690 720 690 540 660 930
29 271 TNF+IBP 965 890 873 855 620 690
30 322 CON+ENT 535 535 570 660 680 715
31 371 CON+ENT 500 465 500 535 605 570
32 412 CON+ENT 535 645 620 750 750 750
33 431 CON+ENT 605 500 535 1070 570 680
34 392 TNF+ENT 500 605 605 645 645 645
35 421 TNF+ENT 600 790 710 790 450 1800
36 332 TNF+ENT 680 650 715 785 1020 885
37 223 TNF+ENT 430 465 465 500 500 500
38 382 TNF+ENT 535 605 500 500 535 570
39 352 TNF+ENT 785 750 650 715 820 850

Free Fatty Acids (mEq./L.)
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1 151 CON 6347 6260 5871 6077 5594 5036
2 142 CON 5562 5392 5223 5164 5663 5534
3 171 CON 5035 4791 5023 4607 4744 4664
4 162 CON 5119 5195 5110 4934 4861 4792
5 131 CON 4749 4799 5033 5219 5366 5378
6 114 CON 4615 4303 4563 4426 4531 4566
7 152 TNF 5797 5672 5759 6054 6210 6342
6 161 TNF 5367 4361 4616 4605 5415 6066
9 113 TNF 4342 4046 4300 4626 4667 5340

10 172 TNF 4879 4102 3895 4064 4266 4501
11 132 TNF 4823 4223 4764 4662 4951 5006
12 141 TNF 6211 5292 5020 5418 5723 6295
13 311 CON+FLUX 3682 • • • • 4276
14 232 CON+FLUX 6503 • • • • 6164
15 291 CON+FLUX 4562 • ■ • • 4636
16 301 CON+FLUX 4320 • • • • 4226
17 173 CON+FLUX 4056 ■ • • • 4001
16 133 CON+FLUX 5117 ■ • • • 5067
10 261 TNF+FLUX 5227 • ■ • • 5130
20 143 TNF+FLUX 4522 • • • • 5546
21 262 TNF+FLUX 4443 • • • • 5362
22 242 TNF+FLUX 4971 • • • • 5256
23 123 TNF+FLUX 5071 • • • ■ 6536
24 163 TNF+FLUX 4624 • • • • 5549
25 191 CON (AWAKE) 5521 5318 5163 5211 4570 4266
26 162 CON (AWAKE) 5467 5306 5518 5734 5639 5729
27 192 TNF (AWAKE) 5607 4276 4661 5128 5679 6141
26 161 TNF (AWAKE) 5225 4722 4458 4602 4818 4714
29 272 CON+IBP 4016 3916 4223 4989 5054 5036
30 261 CON+IBP 5366 5406 5501 5379 5504 5413
31 231 CON+IBP 5418 5530 5429 5064 5245 4733
32 221 CON+IBP 5052 5121 5000 4863 4790 4854
33 241 CON+IBP 5571 5500 6114 5393 5194 5744
34 331 TNF+IBP 5072 4917 5365 5644 5930 6465
35 361 TNF+IBP 6351 6532 6652 6736 6630 7015
36 351 TNF+IBP 6303 6756 6439 6769 6550 7462
37 341 Tf'F+IBP 5243 4769 5142 5535 5944 6166
36 321 TNF+IBP 6034 6010 6442 6637 6507 6346
39 271 TNF+IBP 5229 4354 4178 4352 4520 4549
40 211 TNF+IBP 5225 5147 5224 5714 5899 7247
41 201 TNF+IBP 6421 5950 6422 6373 6639 7058
42 371 CON+ENT 5070 5543 5926 5679 6176 6003
43 412 CON+ENT 4093 4291 4456 4214 4477 3662
44 431 CON+ENT 4629 5225 5521 5491 5744 5583
45 322 CON+ENT 4486 4827 4900 4705 4691 4996
46 392 TNF+ENT 4050 4143 4720 4553 4419 4116
47 421 TNF+ENT 3445 3609 4160 4253 5377 527?
46 332 TNF+ENT 4942 4631 5179 5236 5369 5467
49 223 Thf+ENT 3926 4465 4614 4273 4192 4020
50 362 TNF+ENT 4947 4663 4519 4219 3613 3460
51 352 TNF+ENT 4544 4629 4971 5127 5206 5302

Amino Acid Nitrogen (jim o l./L)
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1 151 CON 14.0 13.0 .70 .60
2 142 CON 11.0 10.0 .70 .70
3 171 CON 21.0 16.0 .90 .80
4 162 CON 21.0 15.0 .60 .50
5 131 CON 10.0 6.2 60 60
6 114 CON 174 13.0 .70 .75
7 152 TNF 16.0 15.0 .70 80
6 161 TNF 18.0 12.0 .70 .60
9 113 TNF 16.2 12.0 63 .85

10 172 TNF 18.0 15.0 .95 1.00
11 132 TNF 16.0 92 .70 .70
12 141 TNF 15.0 13.0 .60 .70
13 311 CON+FLUX 16.4 130 .60 50
14 232 CON+FLUX 13.0 10.0 50 .45
15 291 CON+FLUX 13.0 11.0 .70 .65
16 301 CON+FLUX 19.0 12.0 .60 50
17 173 CON+FLUX • • • •
16 133 coN+aux • • • •
19 261 TNF+FLUX 17.0 14.0 .80 .90
20 143 TNF+FLUX • • • •
21 262 TNF+aUX 21.0 24.0 .90 140
22 242 TNF+aUX 17.0 11.0 .70 .70
23 123 TNF+FLUX • • • •
24 163 TNF+FLUX • • • •
25 191 CON (AWAKE) 13.4 12.0 .60 70
26 162 CON (AWAKE) 10.0 6.0 .90 .60
27 192 TNF (AWAKE) 12.2 112 .60 .60
26 161 TNF (AWAKE) 165 21.0 .70 1.00
29 272 CON+IBP 17.0 16.3 .60 .70
30 261 CON+IBP 15.0 21.0 .63 .81
31 231 CON+IBP 12.0 10.0 50 .45
32 221 CON+IBP 183 13.0 .60 1.00
33 241 CON+IBP 21.5 16.0 .90 .80
34 331 TNF+IBP 15.0 13.0 .70 .70
35 361 TNF+IBP 16.0 16.0 .70 .70
36 351 TNF+IBP 14.0 12.0 .60 .60
37 341 TNF+IBP 12.0 11.0 .60 .60
36 321 TNF+IBP 9.0 10.0 .60 .70
39 271 TNF+IBP 12.0 10.0 .80 .70
40 211 TNF+IBP 132 135 .70 .60
41 201 TNF+IBP 16.0 16.0 .60 .90
42 371 CON+ENT 23.0 17.0 .70 .70
43 412 CON+ENT 13.0 8.0 .60 50
44 431 CON+ENT 16.0 12.0 .80 .70
45 322 CON+ENT 10.0 7.0 50 .50
46 392 TNF+ENT 125 11.0 .60 .60
47 421 TNF+ENT 15.0 11.0 .60 .70
48 332 TNF+ENT 16.0 16.0 .70 .90
49 223 TNF+ENT 142 12.0 75 .60
50 362 TNF+ENT 13.0 21.0 .60 1.70
51 352 TNF+ENT 15.0 20.0 .70 120

Urea Nitrogen (mg./dl.) and Creatinine (mg./dl.)
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1 162 CON 220 250 390 23.0
2 142 CON 28.0 31.0 28.0 35.0
3 151 CON 16.0 14.0 27.0 14.0
4 171 CON 22.0 16.0 17.0 19.0
5 131 CON 27.0 270 160 21.0
6 161 TNF 6.8 322.0 540.0 766.0
7 172 TNF 26.0 245.0 603.0 625.0
6 132 TNF 43 129.0 150.0 , 220.0
9 152 TNF 6.4 197.0 4390 788.0

10 141 TNF 42.0 317.0 485.0 675.0
11 162 CON (AWAKE) 36.0 21.0 19.0 18.0
12 191 CON (AWAKE) 3.7 6.6 9.5 56.0
13 192 TNF (AWAKE) 9.7 119.0 218.0 347.0
14 161 TNF (AWAKE) 29.0 554.0 746.0 745.0
15 261 CON+IBP 29.0 16.0 20.0 13.0
16 231 CON+IBP 43 4.1 8.2 22.0
17 241 CON+IBP 0 17 0 0
16 272 CON+IBP 142.0 23.0 0 65.0
19 221 CON+IBP 10.0 85 7.8 16.0
20 331 TNF+IBP 17.0 18.0 93.0 425.0
21 361 TNF+IBP 130 15.0 210.0 6240
22 351 TNF+IBP 11.0 10.0 67.0 78.0
23 341 TNF+IBP 0 2.3 52.0 265.0
24 321 TNF+IBP 3.8 5.4 49.0 831.0
25 211 TNF+IBP 1.0 7.0 17.0 93.0
26 201 TNF+IBP 73.0 17.0 69.0 101.0
27 271 TNF+IBP 41.0 51.0 174.0 104.0

ACTH (pgm./ml.)



1 162 CON .60 .60 .70 70 1.00 .60
2 142 CON .60 .70 120 2.00 220 250
3 151 CON .60 130 2.70 2.00 2.00 220
4 171 CON 1.10 .70 .60 .60 .40 1.40
5 114 CON 140 330 5.20 430 360 2.60
6 131 CON 3.90 3.00 2.30 4.50 150 4.10
7 161 TNF .20 6.70 9.40 13.00 12.00 830
6 172 TNF 1.60 12.00 14.00 15.00 13.00 9.90
9 132 TNF 130 840 12.00 1600 18.00 19.00

10 113 TNF 550 13.00 14.00 11.00 9.20 9.10
11 152 TNF 30 690 9.00 820 9.00 7.00
12 141 TNF 1.00 9.20 10.00 10.00 9.60 950
13 162 CON (AWAKE) .80 90 1 10 1.20 1.40 1.00
14 191 CON (AWAKE) .70 3.50 150 2.40 1.60 1.60
15 192 TNF (AWAKEi 230 8.90 13.00 14.00 14.00 13.00
16 161 TNF (AWAKE) .90 8.20 8.90 9.70 9.10 9.60
17 261 CON+IBP 90 90 1 10 90 90 90
16 231 CON+IBP .90 .90 .90 .90 .90 4.70
19 241 CON+IBP .90 .90 .90 .90 .90 .90
20 272 CON+IBP 14.00 4.80 1.60 1.00 .90 9.80
21 221 CON+IBP 90 .90 .90 90 90 .90
22 331 TNF+IBP .90 .90 3.40 7.10 750 10.00
23 361 TNF+IBP .90 .90 2.90 430 4.20 4.70
24 351 TNF+IBP .90 .90 3.00 9.00 6.00 530
25 341 TNF+IBP 90 .90 4.40 2.40 3.40 10.00
26 321 TNF+IBP .90 2.00 5.10 6.00 11.00 12.00
27 211 TNF+IBP 130 .90 320 5.80 4.70 7.10
26 201 TNF+IBP 2.60 .90 5.00 7.40 9.00 630
29 271 TNF+IBP 550 7.10 12.00 12.00 9.60 14.00
30 322 CON+ENT 11.00 11.00 9.90 9.40 920 10.00
31 371 CON+ENT 10.00 10.00 8.70 6.40 7.40 7.10
32 412 CON+ENT 5.60 5.00 6.70 420 4.70 5.90
33 431 CON+ENT 11.00 12.00 12.00 12.00 10.00 9.60
34 392 TNF+ENT 5.70 20.00 21.00 24.00 23.00 20.00
35 421 TNF+ENT 9.00 20.00 27.00 27.00 25.00 23.00
36 332 TNF+ENT 11.00 15.00 16.00 15.00 17.00 17.00
37 223 TNF+ENT 490 7.60 12.00 9.50 10.00 6.60
38 362 TNF+ENT 21.00 25.00 24.00 24.00 2200 22.00
39 352 TNF+ENT 6.40 20.00 24.00 22.00 20.00 20.00

Cortisol (jigm./dl.)



1 162 CON 110 110 150 150 140 150
2 142 CON 50 60 70 60 50 60
3 151 CON 60 100 100 110 110 130
4 171 CON 90 60 50 50 40 40
5 114 CON 20 20 30 30 40 20
6 131 CON 130 140 150 100 90 130
7 161 TNF 320 550 680 750 850 900
8 172 TNF 50 130 460 480 650 650
9 132 TNF 100 140 360 520 560 700

10 113 TNF 120 60 60 70 60 120
11 152 TNF 70 160 340 440 900 1600
12 141 TNF 60 270 500 550 550 500
13 162 CON (AWAKE) 70 50 40 50 40 50
14 191 CON (AWAKE) 0 0 0 0 0 0
15 192 TNF (AWAKE) 0 10 170 210 350 330
16 161 TNF (AWAKE) 160 610 1000 1150 1600 1600
17 261 CON+IBP 30 30 30 20 0 30
16 231 CON+IBP 60 50 60 60 50 50
19 241 CON+IBP 40 50 60 50 30 30
20 272 CON+IBP 100 50 60 60 60 60
21 221 CON+IBP 60 50 50 60 50 70
22 331 TNF+IBP 60 60 130 220 530 1070
23 361 TNF+IBP 150 130 160 320 460 650
24 351 TNF+IBP 60 40 90 150 400 460
25 341 TNF+IBP 150 160 260 260 370 770
26 321 TNF+IBP 10 30 40 90 200 250
27 211 TNF+IBP 40 30 40 70 90 190
26 201 TNF+IBP 50 50 60 130 270 730
29 271 TNF+IBP 60 90 130 150 310 500
30 322 CON+ENT 0 10 20 30 0 10
31 371 CON+ENT 100 120 150 140 170 220
32 412 CON+ENT 110 130 240 160 230 230
33 431 CON+ENT 0 0 0 0 0 10
34 392 TNF+ENT 0 70 150 290 370 700
35 421 TNF+ENT 0 40 80 90 120 190
36 332 TNF+ENT 100 260 560 900 1000 1050
37 223 TNF+ENT 0 70 290 400 660 1050
36 382 TNF+ENT 30 120 330 600 1040 1390
39 352 TNF+ENT 10 90 610 760 860 1140

Glucagon (pgm./ml.)
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1 162 CON 64 52 46 48 48 68
2 142 CON 24 28 24 32 24 28
3 151 CON 24 36 24 40 22 16
4 171 CON 40 32 24 24 28 20
5 114 CON 28 36 28 32 20 24
6 131 CON 36 40 24 22 32 28
7 161 TNF 72 76 36 52 40 22
8 172 TNF 64 44 80 48 56 28
9 132 TNF 68 60 44 52 60 56

10 113 TNF 24 20 16 12 12 12
11 152 TNF 24 28 22 12 4 4
12 141 TNF 32 28 16 12 12 16
13 182 CON (AWAKE) 40 48 44 56 40 28
14 101 CON (AWAKE) 20 16 20 16 28 16
15 102 TNF (AWAKE) Id 20 16 12 16 12
16 181 TNF (AWAKE) 40 104 24 20 16 12
17 261 CON+IBP 8 8 12 24 20 4
18 231 CON+IBP 12 12 16 8 12 12
10 241 CON+IBP 24 24 28 12 8 8
20 272 CON+IBP 108 36 28 28 40 60
21 221 CON+IBP 28 20 20 16 16 12
22 331 TNF+IBP 12 0 4 0 4 0
23 361 TNF+IBP 20 8 8 8 8 0
24 351 TNF+IBP 16 8 8 4 12 8
25 341 TNF+IBP 20 12 8 4 4 8
26 321 TNF+IBP 12 8 8 4 8 44
27 211 TNF+IBP 36 8 8 8 4 4
28 201 TNF+IBP 16 0 0 0 4 4
20 271 TNF+IBP 72 52 40 20 40 20
30 322 CON+ENT 44 48 48 40 64 68
31 371 CON+ENT 36 28 36 32 36 32
32 412 CON+ENT 68 44 68 72 88 68
33 431 CON+ENT 32 36 48 52 52 56
34 302 TNF+ENT 36 112 124 108 88 76
35 421 TNF+ENT 32 40 60 20 36 20
36 332 TNF+ENT 32 44 32 24 32 16
37 223 TNF+ENT 20 28 104 148 80 108
38 382 TNF+ENT 60 264 410 600 760 1100
30 352 TNF+ENT 32 68 64 28 16 12

Insulin (uU./ml.)
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1 151 CON 150 210 39.0 31.0
2 162 CON 17.0 27.0 30.0 39.0
3 171 CON 7.8 9.5 8.0 16.0
4 142 CON 36.0 21.0 15.0 32.0
5 131 CON 41.0 190 22.0 62.0
6 141 TNF 16.0 133.0 294.0 410.0
7 172 TNF 12.0 48.0 165.0 1795.0
6 132 TNF 33.0 94.0 38.0 344.0
9 152 TNF 16.0 32.0 50.0 794.0

10 161 TNF 35.0 58.0 66.0 157.0
I t 162 CON (AWAKE) 160 30.0 29.0 50.0
12 191 CON (AWAKE) 92.0 205.0 268.0 1220
13 192 TNF (AWAKE) 78.0 189.0 517.0 727.0
14 181 TNF (AWAKE) 24.0 116.0 237.0 1372.0
15 241 CON+IBP 15.0 24.0 49.0 34.0
16 231 CON+IBP 45 5.0 75 25.0
17 272 CON+IBP 529.0 101.0 47.0 776.0
16 261 CON+IBP 3.8 8 2 3.8 8.6
19 221 CON+IBP 7.9 21.0 17.0 25.0
20 341 TNF+IBP 3.4 48.0 34.0 85.0
21 331 TNF+IBP 4.7 90 11.0 196.0
22 361 TNF+IBP 51.0 32.0 50.0 184.0
23 351 TNF+IBP 0 12.0 0 15.0
24 321 TNF+IBP 9.9 3.8 530.0 796.0
25 271 TNF+IBP 257.0 309.0 253.0 83.0
26 211 TNF+IBP 21.0 19.0 14.0 66.0
27 201 TNF+IBP 2.9 9.0 22.0 643.0
28 412 CON+ENT 464.0 113.0 498.0 721.0
29 371 CON+ENT 107.0 61.0 75.0 138.0
30 431 CON+ENT 470.0 548.0 610.0 640.0
31 322 CON+ENT 21.0 85.0 43.0 103.0
32 392 TNF+ENT 197.0 383.0 1026.0 1667.0
33 421 TNF+ENT 113.0 145.0 248.0 836.0
34 352 TNF+ENT 135.0 282.0 257.0 1228.0
35 332 TNF+ENT 64.0 142.0 164.0 320.0
36 362 TNF+ENT 117.0 2613.0 1364.0 3622.0
37 223 TNF+ENT 59.0 122.0 109.0 517.0

Adrenaline (pgm./ml.)
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96

123
131

124
166
82

149
51
86

124
120
234
119
148

124
197
86

164
56

123
161
58

226
160
143

191
192 
181 
241 
231 
272 
261 
221 
341
331 
361
351
321 
271 
211 
201 
412 
371 
431
322 
392 
421
352
332 
382 
223

CON (AWAKE) 
TNF (AWAKE) 
TNF (AWAKE) 

CON+IBP 
CON+IBP 
CON+IBP 
CON+IBP 
CON+IBP 
TNF+IBP 
TNF+IBP 
TNF+IBP 
TNF+IBP 
TNF+IBP 
TNF+IBP 
TNF+IBP 
TNF+IBP 

CON+ENT 
CON+ENT 
CON+ENT 
CON+ENT 
TNF+ENT 
TNF+ENT 
TNF+ENT 
TNF+ENT 
TNF+ENT 
TNF+ENT

110
152
109
52
59

335
64
70
72
42
33
49

138
262

61
115
762
279
462
167
209
274
621
263
704
128

132
256
155
47
69

234
45
67
63
41
43
53

"TtT
293
148
117
602
260
402
242
293
276
771
224

1384
143

147
191
299
70
41

226
56
72
79
29
92
79

312
202
139
55

1229
289
566
210
528
441
673
354

1152
111

Nor-adrenal Ine (pgm./ml.)



1 CON 291 -1439 15.25 3414
2 CON 232 11.72 -3.72 10.03
3 CON 311 2339 19.69 -18.72
4 CON 301 51.28 944 7.11
5 CON 173 31.63 -3.50 -3339
6 CON 133 233 12.06 1.42
7 TNF 143 10.69 22.42 36.47
8 TNF 123 26.97 14.64 2339
9 TNF 261 6.33 16.61 2536

10 TNF 163 .69 4036 28.19
11 TNF 242 6.61 11.75 19.50
12 TNF 262 13.72 11.28 2239

Hlnd-llmb Glucose Flux (umol./mln.)

2 3 6



1 CON 291 -142 -11.80 -1049
2 CON 232 48.19 732 -15.98
3 CON 311 -3233 -30.02 -38.90
4 CON 301 41.17 457 -5.31
5 CON 173 8.89 -8.20 -20.32
6 CON 133 -338 -28.01 -10.96
7 TNF 143 -1.06 -33.43 -47.40
6 TNF 123 -253 -2.47 .84
9 TNF 281 17.22 1357 -769

10 TNF 163 49.48 14.90 -950
11 TNF 242 12.51 44.20 9.21
12 TNF 262 -5.91 -.33 -48.47

Hind-limb Lactate Flux (^mol./min.)
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1 CON 291 .090 -.925 -2095

2 CON 232 1.210 -.530 -1.155

3 CON 311 345 -.165 -5395

4 CON 301 .050 -.850 -1.170

5 CON 173 -.200 -1.305 -1.210

ft CON 133 205 -1.020 -1.095

7 TNF 143 -1.950 -2.080 -4420

8 TNF 123 .450 -1565 -.050

9 TNF 281 39701 1.710 -555

10 TNF 163 7.870 3.145 215

11 TNF 242 1.370 2.895 1.455

12 TNF 262 -.900 -.810 -6315

HlncHtmb Pyruvate Flux (^imol./mln.)

2 3 8



1 CON 291 -2718 -3600
2 CON 232 -51.35 -42.80
3 CON 311 -20.20 5.46
4 CON 301 -77.76 -61.20
5 CON 173 -45.20 -42.60
6 CON 133 -11.15 -5350
7 TNF 143 -73.65 -69.75
6 TNF 123 -37.35 -41.10
9 TNF 261 -19.64 -40.92

10 TNF 163 -4050 -89.85
11 TNF 242 -37.05 -2255
12 TNF 262 -9692 -44.37

Hind-limb Amino Acid Nitrogen Flux (jimol./min.)
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1 291 CON 3.36 6.60 1016
2 232 CON 4.50 5.80 5.06
3 311 CON 420 11.19 11.84
4 301 CON 6.49 4.05 3.15
5 173 CON 451 451 5.80
6 133 CON 1.71 5.48 355
7 143 TNF 5.67 10.41 12.16
6 123 TNF 2.73 6.11 554
9 261 TNF 373 755 6.93

10 163 TNF 553 4.88 10.62
11 242 TNF 347 7.03 5.76
12 262 TNF 6.65 5.84 7.20

Hlnd-limb Oxygen Flux (mls./min.)
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IA A / s / r » w r r\w y i w w v M  f t v

1 131 CON 22.87 17.82
2 114 CON 26.11 21.85
3 151 CON 34 47 25.87
4 142 CON 21.52 17.54
5 132 TNF 22.98 3172
6 141 TNF 23.87 31.85
7 152 TNF 32.37 34.58
8 113 TNF 26.6? 31.93
9 371 CON+ENT 13.69 1315

10 431 CON+ENT 16.74 17.71
11 412 CON+ENT 17.33 16.50
12 362 TNF+ENT 1550 24.58
13 392 TNF+ENT 16.24 20.13
14 352 TNF+ENT 16.74 16.61
15 421 TNF+ENT 1437 21.30
16 332 TNF+ENT 1637 17.46

Glucose Production Rate (jimol./min./kg.)
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1 162 CON 340 147 3.18 .180 .040 133
2 131 CON 1.90 140 1.57 .140 .030 233
3 114 CON 3.00 72 2.71 210 .090 .100
4 151 CON 2.70 65 1.99 .150 260 .089
5 142 CON 2.10 45 150 150 200 .056
6 171 CON 2.00 48 1.50 .120 .010 .133
7 132 TNF 2.90 418 2.66 .170 .080 .467
8 152 TNF 3.80 765 357 .190 230 .678
9 161 TNF 3.70 590 3.46 .190 .030 106

10 172 TNF 4.00 299 355 520 .040 517
11 113 TNF 450 421 4.38 570 .120 528
12 311 CON+FLUX 2.77 68 2.45 .160 .140 .056
13 133 CON+FLUX 250 57 2.01 .150 .030 .078
14 173 CON+FLUX 2.80 78 2.43 .170 .090 .078
15 301 CON+FLUX 3.16 115 2.76 .130 .080 .089
16 291 CON+FLUX 2.19 145 1.89 .170 .040 .122
17 232 CON+FLUX 4.00 500 3.60 .180 .170 472
18 262 TNF+FLUX 357 1040 3.04 210 .090 578
19 163 TNF+FLUX 6.60 420 6.22 510 .050 467
20 242 TNF+FLUX 3.67 560 3.14 220 .120 .450
21 281 TNF+FLUX 3.91 443 3.19 270 .090 .456
22 231 CON+IBP 2.23 86 2.16 .170 .040 .117
23 261 CON+IBP 1.78 38 150 .170 .170 .050
24 241 CON+IBP 2.92 88 2.75 .260 .050 .139
2b 272 CON+IBP 2.11 46 1.90 .150 .120 .067
26 221 CON+IBP 3.28 160 3.36 .240 .030 239
27 271 TNF+IBP 2.67 78 2.55 .260 .040 .133
28 321 TNF+IBP 1.31 40 1.02 230 .070 .044
29 201 TNF+IBP 2.00 77 1.94 .160 .090 .139
30 211 TNF+IBP 150 46 1.44 .140 .060 .078
31 341 TNF+IBP 157 52 158 .150 .060 .056
32 331 TNF+IBP 3.13 179 2.83 .190 .090 .161
33 351 TNF+IBP 2.15 183 1.98 .120 .040 .189
34 361 TNF+IBP 1.43 30 1.30 .110 .090 •
3b 371 CON+ENT 2.99 68 3.21 .180 .100 122
36 322 CON+ENT 1.96 76 1.78 .140 .080 .089
37 431 CON+ENT 2.32 46 1.94 .170 .060 .100
38 412 CON+ENT 2.76 76 256 .140 .110 .106
39 3b2 TNF+ENT 1.63 49 126 .090 .040 .061
40 332 TNF+ENT 3.49 127 3.35 220 .070 .183
41 382 TNF+ENT .29 12 27 .030 • .017
42 421 TNF+ENT 2.45 194 2.18 .160 .020 .022
43 223 TNF+ENT 220 320 2.21 .160 .050 .283
44 392 TNF+ENT 226 97 2.13 210 .030 .161

Urinary Parameters
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