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ABSTRACT

The metabolic responses to traumaare well characterized and there is growing evidence

supporting an important role for cytokines in its pathogenesis. Interleukin-l (lL-1),

Interleukin-6 (lL-6), and Tumour necrosis factor (TND are synthesized in the brain,

and other tissues, in trauma. In order to test the hypothesis that these cytokines play an

important role in the metabolic responses associated with trauma, the effects of chronic

cerebroventricular and peripheral infusions of IL-l, IL-6, and TNF on protein

metabolism, weight loss, anorexia, and pyrexia in Sprague-Dawley rats were

examined.

Specifically the aims of these investigations were:

l. To examine the effect of chronic central nervous system exposure to the

proinflammatory cytokines IL-l, IL-6, and TNF.

2. To investigate the role of anorexia in the catabolic responses to centally infused

IL-1.

3. To investigate the effects of IL-l on the hypothalamic-pituitary-adrenal a,xis.

4. To investigate the role of glucocorticoids in the metabolic effects produced by

chronic central infusion of IL-1.

5. To examine the metabolic effects of increasing doses of chronic peripherally

infused IL-l and to distinguish between those responses mediated centrally and those

mediated outside the blood-brain-banier.

The major findings of these studies were:

l. IL- 1, but not IL-6 in the same dose, nor TNF in a lower dose, produced net

protein catabolism, weight loss, and pyrexia in excess of that produced by anorexia

alone.

2. Furthermore the loss of weight and nirogen did not require susained elevations

of glucocorticoids, as IL-l infusion in corticosterone-replaced, adrenalectomized rats

resulted in similar losses of weight and nitrogen as observed in sham-adrenalectomized

animals infused with IL-1.
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3. Peripheral infusion of increasing doses of IL-l mimicked the effects of

increasing injury with low doses causing a mild acute phase response (as assessed by a

fall in serum iron and albumin and a leucocytosis) and larger doses causing net protein

catabolism and weight loss. An attempt was made to distinguish between the central

and peripherally mediated metabolic effects of IL-l using a novel model utilizing

peripheral infusions of IL-l and central infusions of IL-1 receptor antagonist. Using

this model the data were consistent with the hypotheses that pyrexia is mediated inside

and outside the blood-brain barrier and that leucocytosis is mediated by a direct

peripheral effect, probably on the bone-marrow.

In conclusion, centrally produced IL-l may play an important role in the metabolic

responses associated with trauma and this is in excess of the anorexia and

adrenocortical activation produced by centrally acting IL-1. Peripherally produced IL-1

may play a role in various organs such as the bone-marrow and the liver to produce

other features of the metabolic responses associated with injury.
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CHAPTER I
AN OVERVIEW OF CYTOKINES AND THE METABOLIC RESPONSE TO

INJURY

HISTORICAL PERSPECTIVE

It was 200 years ago that Hunter made the observation that ,,...there is a circumstance

attending accidental tniury which does not belong to disease-viz. ttnt thc injury done, has in

all cases a tendency to produce both the disposition and the means of cure.,,r

It was another l4o years until this phenomenon was more clearly described by Sir David

Cuthbertson in Scotland and work since then has more clearly characterized the metabolic

responses to iryury and aided our understanding of the mechanisms involved. pivotal to

the recent growth in knowledge was clarification of the neuroendocrine changes following

injury, the development of parenteral nutrition for its use in the critically ill, and the

discovery and characterisation of cytokines and other cell signaling factors.

A. Description of the Metabolic Response to Injury
Cuthbertson, in 1932, described a group of patients who had sustained orthopaedic trauma

and noted an enhanced loss of nitrogen from the body, maximal from day 2 through to day

8 after the injury and lasting for up to one month.2 He was able to divide the metabolic

response to injury into two phases, an ebb phase and a flow phase.3 The ebb phase was so

called because of a decrease in metabolic activity and was followed by the flow phase, a

hypermetabolic state when metabolic rate, temperature, and urinary nitrogen excretion all

increased (Table 1.1). These observations have influenced thought on the metabolic

response to injury for over 60 years.

On the other side of the Atlantic, Dr. Francis Moore, of Harvard Medical School in Boston,

and others observed the early endocrine changes associated with injury, demonstrating that

during the ebb phase elevations in the counter-regulatory hormones and a decrease in

insulin occur.4 Following resuscitation and during the flow phase, where nitrogen losses

are greatest, insulin rises and the counter-regulatory hormones return toward normal levels.

Nitrogen is lost from gut and skeletal muscle and the liver accelerates its uptake of these



compounds to make new glucose and acute phase proteins. During this time there is

profound insulin resistance. 5' 6

Table 1.1 The Ebb and The Flow phases of Cuthbertson

l^aterefforts were directed towards understanding the fluxes of substrates between organs

and characterisation of the metabolism of protein and carbohydrates (Figure l.l). In

prolonged critical illness the initial response was the breakdown of liver and muscle

glycogen stores. Following rapid exhaustion of glycogen the new glucose was derived

from gluconeogenic precursors which arose primarily from skeletal muscle. This was

accompanied by a blunting of the normal adaptive ketonemic response to starvation.T

Ebb phase Flow phase

lHypomeabolic
I

I 
b* core temperature

I

I 
Decreased energy expenditure

I 
Normal glucose production

Mild protein catabolism

Elevated blood glucose

Elevated catecholamines

El evated gl ucocorticoids

Low insulin

Elevated glucagon

Poor tissue perfusion

lHypermetabolic

Elevated core temperature

I ncreased energy expendi ture

I ncreased gl ucose production

Profound protein catabolism

Elevated or normal blood glucose

Elevated or normal catecholamines

Elevated or normal gl ucocorticoids

Elevated insulin

Elevated or normal glucagon

Normal tissue perfusion



Figure L.l Fuel Metabolism in Major Thauma

In prolonged critical illness the initial response is breakdown of liver and muscre grycogen s1ores to provide

essential metabolic fuel to vital organs and for repair of the wound. Following rapid exhaustion of glycogen,

muscle is cannabalized to produce amino acids, in particular alanine and glutamine, which are the precursors

of the new glucose' The whole gluconeogenic process requires energy which is supplie.d by free fatty acids.

Lactale is produced from wound anaerobic metabolism and is returned 0o the liver for recycling by means of
the Cori cycle.

Fuel Source
Fuel Consunption

Muscle Protein
(r80s),

MAJOR TRAUMA {24 Hours : 9400 kcal)

Amino
Acids

Glycerol
(30s)

Fatty Acids

tLTffi 
(sg)>

(130s)



4

with simple elective surgery protein synthesis was found to be inhibited while catabolism

was unchanged; with more extensive injury while both protein synthesis and catabolism

were increased the rate of degradation outstripped that of synthesis.6

Although suggested by Hunter, Cuthbertson was the first to recognize that the breakdown

of muscle was "to meet the exigencies of the metabolism of the recuperative process,,, a

concept later developed by Moore "it is our conviction that the destruction of lean tissue

mass has as its purpose the provision of raw materials for wound healing.n 3,4

B. Early Investigations

Hand in hand with characterisation of the metabolic response to injury qrme attempts to

understand its aetiology. Selye's work on the role of glucocorticoids in stress lead

investigators to initially focus on the role of the neuroendocrine response as the mediator of
protein catabolism following injury. Egdahl convincingly demonstrated the importance of
the peripheral nervous system in the early endocrine response to injury. He disconnected a

limb from the body of an anaesthetized dog, leaving only the sciatic nerve and femoral

artery and vein. Trauma to the innervated portion of this limb evoked glucocorticoid

secretion. The nerve was then divided and repeated trauma failed to produce a rise in

glucomrticoids.s

Infusion of the counter-regulatory hormones (as a "triple-hormone infusion") into normal

human volunteers, in concentrations seen in the ebb phase, resulted in metabolic alterations

similar to those observed in septic or injured patients.e The nitrogen loss seen with this

combination of hormones was modest, however, and was not associated with net skeletal

muscle protein breakdown. Bessey showed that by using somatostatin to block insulin

secretion, as observed in the ebb phase of injury, a triple hormone infusion resulted in

much larger nitrogen losses.lo

The evidence available at the end of the 1970's led investigators to conclude that stress,

evoked by a wide variety of stimuli, resulted in a similar set of central nervous sysrem

responses and that the neuroendocrine response represented a final common pathway

directed at maintaining the integrity of the body cell mass and protecting against potentially

harmful events.l I
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However significant objections to the role of the neuroendocrine axis as the sole mediator

of the post-injury metabolic derangement had previously been voiced by Cuthbertson, his

principle arguments being: I2

1. The neuroendocrine response to surgery was limited to 24 hours whereas the increased

nitrogen output attained its maximum several days later.

2. The response of protein metabolism to injury was almost completely obliterated by

prior protein depletion whereas the nitrogen loss provoked by glucocorticoids remained

unchanged in protein-depleted animals.

3 ' Urinary nitrogen output did not rise after trauma to adrenalertomized rats. However an

increase in nitrogen loss did occur in adrenalectomized rats maintained on low levels of
glucocorticoids, not themselves sufficient to provoke such a response.13,l4

Further work demonstrated that, in addition to afferent nervous signals, circulating humoral

factors also initiated the metabolic response to injury. Drucker studied paraplegics with

chronic decubitus ulcers; he noted that an operation on a denervated area resulted in

alterations in glucose metabolism.ls Wilmore later showed that patients with burn iryury

and spinal transection maintain a hypermetabolic response as do similar patients in whom

the afferent nervous signals are interrupted by local, regional, or general anaesthesia

Wilmore also showed that only in patients with brain death was the hypermetabolic

response to burn injury diminished suggesting that these factors acted via the central

neryous system to initiate these metabolic responses.l6

C. The Role of Humoral Mediators

Coley, in 1893, first demonstrated the regression of tumours injected with bacterial

toxins.lT Although "fever therapy", for a variety of conditions was widely used, the

mechanism of action was not understood until later work by Cerami's group who purified

the cytokine Tumour necrosis factor (TNF)/Cachectin in the search for the cause of a
hypertriglyceridaemia in rabbits infected with the protozoan parasite Trypanosoma

brrnri.rs're Independent work by other groups purified Interleukin-l (lL-l) and

Interleukin-6 (lL-6), an endogenous pyrogen and a key mediator of the hepatic acute phase

response respectively.
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TNF was infused into humans and animals and in increasing amounts, the metaboliceffects

after TNF administration were dose related and included enhanced energy expenditure,

increased hepatic gluconeogenesis, increased whole body protein breakdown, activation of

the hypothalamic-pituitary-adrenal axis (HPA), and increased whole body lipolyrlr.le-23

Infusion of IL- I also produced a number of metabolic effects including fever, loss of body

weight, hypotension, anorexia, and proteolysis.2a-zz Given that humoral mediators had

been shown to play an important part in mediating post-injury metabolic responses and that

infusion of TNF or IL-1 could mimic these, it was hypothesized that circulating cytokines

played a fundamental role in injury.

However, a number of pieces of evidence argue against systemic cytokine release

accounting for the metabolic changes seen after injury. First, cytokines have not been

consistently found in the blood-stream of injured patients (with the exception of IL-6).

Second, the effects of peripherally administered cytokines, although profound in the short-

term, are not sustained and tend to diminish quickly. Third, cytokines do not appear to

have direct effects on muscle protein breakdown.

Attention therefore has recently turned to the role of cytokines at the tissue level, such as the

liver and in the central nervous system (CNS) and IL-1 and IL-6 have been detected in the

cerebrospinal fluid (CSD of head-injured patients and are found in individual organs such

as liver and lung after thermal injury.28-30 This is discussed further below.

Synergy between the neuroendocrine and humoral systems is suggested by a study by

Watters where a triple hormone infusion associated with IL-l (induced by etiocholanolone

injection) produced more protein catabolism than either alone.31 Thus if the ebb phase is

seen as largely a hormonal response, driven by interactions between the afferent nervous

system and the central nervous system, and the flow phase as a humoral response then it
would seem that the role of the ebb phase is to set the stage for the more profound

metabolic alterations seen the flow phase. This is accomplished by the secretion of the

counter-regulatory hormones, a decrease in insulin, and the generation of mediators such as

oxygen free radicals and cytokines, produced during the conditions of poor tissue perfusion

and oxygenation of the ebb phase. with the restoration of tissue perfusion, especially in
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extreme injury involving contaminated and damaged tissue, these mediators, in association

with anorexia' pyrexia, and immobility, act to cause the skeletal muscle protein breakdown

so characteristic of the flow phase (Figure 1.2).

Figure 1..2 Contributions to protein Catabolism in
Injury

Although the relative contribution of the ebb phase to protein catabolism is small, hormonal responses,

associated with poor tissue perfusion and oxygenation, and the generation ofmediators, such as oxygen free

radicals and cytokines, set the stage for the hypermetabolic flow phase. In the flow phase anorexia,

immobility, fever, and humoral mediators all play a part in the exaggerated nitrogen loss.

LocalMediators

Neuro-endocrine
Response

Ebb Phase Flow Phase

ie

$
$
$I
l-
E

Local Mediators

Anorexia

lmmobility

Fever

Neureendocrine
Response
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THE ROLE OF CYTOKINES IN THE METABOLIC RESPONSE TO

INJURY

A. Cytokine Detection in Trauma

Although an important role for the proinflammatory cytokines in post-injury metabolic

responses is generally accepted, with the exception of IL-6 these cytokines have yet to be

detected consistenfly in physiologically important quantities in the plasma of perioperative,

trauma, or nonseptic burn patients.323q lL-6 and TNF have been assayed in the portal

blood after haemorrhagic shock in experimental animals and are thought to arise from gut-

associated lymph tissue, thus producing high levels of cytokines in the hepatic circulation,

and almost undetectable levels in the general circulation.3s As mentioned above it has also

recently been demonstrated that after thermal injury a very early rise in liver and lung IL- l,
independent of endotoxin, is observed and in endotoxin-fever blockade of central IL-l
activity decreases fever without IL-l being able to be assayed in the circulation.30,36

These data are consistent with the hypothesis that the cytokines IL-l and TNF are

produced largely at the tissue level and act in a paracrine or autocrine manner. Adding

further support to this hypothesis is that IL-l and IL-6 have been detected in the CSF of

head-injured patients and tL-I, IL-6, and TNF increase in the brains of rats subjected to

neurotrauma-28'2e'37 TNF receptors are present in the murine brain and TNF is produced

by rat astrocytes in u11ro.38'3e TNF and IL-l are found in the cSF of children with

meningitis and, in experimental meningitis, TNF is found in the CSF without being found

in the serum suggesting that, in vivo, TNF is produced in the 6ruin.ao-43 There is also an

extensive network of IL- I nerve fibres innervating the hypotha1orur.44,45

Thus it seems likely that cytokines are produced locally and act locally in injury. This,

therefore, raises the question of how injury stimulates the production of tissue or brain

cytokines. The most likely candidates are (Figure 1.3):

l. Changes in local blood-flow associated with haemorrhagic shock. As mentioned

above cytokines are produced during haemorrhagic shock.

2. Changes in afferent nervous system activity leading to brain cytokine synthesis.
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3. Release of wound mediators which stimulate the production of tissue cytokines. The

most likely candidate for such a mediator is the complement system, known to be activated

after injury.46'47 Complement is able to stimulate monocytes to produce IL-l and it may be

that immunologically competent cells present in various tissues, such as Kupffer cells and

brain astrocytes, stimulated by complement are the source of locally produced

cytokines.48'49

Figure 1.3 Tissue Production of Cytokines in Trauma

Injury

Liver Brain
Cytokines Cytokines

B. cytokines and the Neuroendocrine Response to Injury
Early investigations demonstrated that a key component of the early metabolic response to

injury was an outpouring of counter-regulatory hormones and a decrease in insulin

concentration. Subsequent investigation showed that these endocrine changes were

mediated by the CNS and that factors other than afferent neural activity were responsible.

There is now strong evidence that cytokines are vitally important in these neuroendocrine

responses to injury and infection.

I . Hypothalamic-Pituitary-Adrenal Axis

The first real evidence that cytokines activate the HPA came in the early 1980,s when

Besedovsky showed that intraperitoneal injections of cytokines raised corticosterone (the

predominant glucocorticoid in the rat) levels in the rat bloodstream within less than one

hour'5o In experimental models, approximately 60-90 minutes after the administration of

endotoxin (the most potent known stimulator of macrophage TNF and IL-l production)

Vta
Hypotension

Afferent Nervous
Activity

Complement
Activation
Circulating
Mediators
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TNF levels peak in the circulation. TNF appears as a short lived pulse and then rapidly

declines, often with the onset of symptoms. IL-1 peal$ 2to3 hours after the peak of TNF

and then declines over a period of 12 ta 24 hours to normal 1"u"1r.51-53

Adrenocorticotrophin (ACTH) Ievels rise approximately 9O minutes after TNF is detected

and shortly after this glucocorticoids are secreted by the adrenal glands.s4,ss

Glucocorticoids then act on the macrophage/monocyte system to decrease cytokine

production hence dampening down the stress response in a negative feedback l*p.tu
a. TNF and the HPA

There is little doubt regarding the ability of TNF to activate the HPA but the mechanisms

are unclear.sT's8 There is evidence that TNF acts via other mediators to activate the HpA:

1. Corticotrophin releasing hormone (CRH) antiserum prevents TNF-induced ACTH

release in the rat.Se However, cerebroventricular injection of TNF, or injection of TNF

into the median eminence in rats, fails to activate the IfA.6o

2. Afterendotoxin administration TNF rises first and IL-l is seen several hours later.

This rise in IL-l coincides with the activation of the HPA and it appears that IL-l
production is dependent upon prior synthesis of 151p.61,62

3. Both TNF and IL-l activate the HPA when injected peripherally. TNF does not

activate the HPA when injected cerebroventricularly while IL-l does.6o

4. If endotoxin is administered after pretreatment with an IL-1 antibody then the HpA

response normally seen after endotoxin is greatly diminished.63

b. IL-l and the HPA

Undercertainexperimentalconditions IL-l is able to stimulate the release of ACTH, from

the pituitary, and glucocorticoids, from the adrenal, by direct actions.6a-66 However, the

pituitary does not seem to possess IL-l receptors and is unlikely to be IL-l's primary

mechanism of action on the HPA.67 The evidence is strongly in favour of a central

mechanism:

1. If animals are pretreated with an anti-CRH antiserum IL-l is unable to stimulate the

synthesis and release of ACTH and glucocorticoids.6s

2. IL-l receptors have been identified in the hypothalarnus.6e,To
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3. IL-l induces hypothalamic CRH gene expression in vivo.Tl

4. CRH concentration in median eminence nerve terminals decreases in response to IL-

1.67

5. CRH concentration in the hypothalamo-hypophysial portal system increases after

intravenouslL-L.72

6. IL-l produces CRH release from rat hypothalami inui6o.B,7a

7. Less IL-l is required when injected cerebroventricularly than when given

intravenously to produce the same rise in 4919.60,2s

8. Hypophysectomized rats do not produce glucocorticoids in response toIL-1.76

Thus it seems that the primary action of IL-l on the HPA is at the hypothalamic level. This

may be mediated by cyclooxygenase pathways, probably pGEr.zz-ts

c. Other cytokines and the HpA

There is some evidence that IL-6 can activate the HPA but the evidence does not at this

stage support an important in vivo to1".64'80-83 Other cytokines may also activate the HpA

although this is to a far less an extent than TNF and IL- 1.81,84,8s

2. Catecholamines

Both TNF and IL-1 can cause hypotension and catecholamine release.s6-88 Whether they

can cause catecholamine release independently of hypotension is unclear at present.

Central administration of IL-l increases norepinephrine turnover in spleen, lung,

diaphragm, and pancreas while IL-6 fails to have the same effect.8e

3. Growth hormone (GH)

The effect of acute administration of IL-l is to stimulate GH production.8a However

repeated injections of IL-1, in high doses, will suppress the hypothalamic-hypophysial-GH

axis.eo In pituitary cell culture TNF has been shown to inhibit the stimulated release of

GH.el In contrast, in cultures of hemipituitaries TNF stimulates GH release.Ss IL-6

stimulates the release of GH from dispersed rat anterior pituitary cells.82

4. Insulin and glucagon

Central administration of IL-1 stimulates insulin and glucagon secretion in rats and causes a

concomitant hypoglycemia.e2 IL-1, injected peripherally, causes insulin release and
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hypoglycemia but the hypoglycemia is not entirely explained by the increase in insulin

secretion.e3 Intraperitoneal, or intravenous, injection of TNF increases glucagon.ga,9s

Catecholamines act to influence the secretion of insulin and glucagon and thus may play an

indirect role in cytokine action.

5. Thyroid hormones

In cultures of hemipituitaries TNF stimulates the release of Thyroid stimulating hormone

(TSFI) while in vivo central TNF decreases TSH release.58,e6 However it is unlikely that

thyroid hormones play an important role in the catabolic state associated with injury.e7

C. Other Metabolic Effects of Cytokines

l. Cytokines and Pyrexia

An increase in body temperature is regarded as a universal symptom of complex

immunological reactions to infection and inflammation. During the flow phase of injury

body temperature is usually elevated and this contributes to the increased metabolic rate

seen. Control of body temperature is primarily a function of the hypothalamus and its set

point can be altered by TNF and IL-l through the action of prostaglandins and CRH, the

thermogenic effects of CRH being mediated by an increase in sympathetic outflow.e6,e8-lo3

It is not clear whether peripherally derived cytokines can cross the blood-brain-barrier to

reach the anterior hypothalamus and there is evidence to suggest that cytokines are

produced by the brain itself in endotoxin-fever and injury (see above).ee If peripherally

produced cytokines do play a role in central control of pyrexia then the signal is transduced

through the circumventricular organs, which lack a blood-brain-barrier, and involves the

local production of PGE2. PGE2 may then influence the thermal regulatory neurons of the

hypothalamus. Thermogenesis in febrile rats appears to be modulated by the sympathetic

nervous system, since the elevated metabolic rate, associated with increased bodv

temperature, is inhibited by the injection of B-adrenergic antagonists.l04

In postoperative patients levels of IL-6 correlate positively with peak body temperarure

although this may be reflect the influence of a cytokine cascade with the more proximal

cytokines such as IL-l and TNF causing the fever and IL-6 merely reflecting the amount of

these cytokines released. I o5
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2. Cytokines and Anorexia

Many cytokines have been implicated in anorexia. The most important of these would

appear to be IL-l and TNF although IL-6, y-interferon, and IL-8 may also cause

anorexia. I o6- I I I 16" effect of IL- 1 appears to be mediated via the CNS and it has been

hypothesized that the effect is associated with an alteration in the set point for body weight,

with the central weight centre being reset to a lower ideal weight and feeding behaviour

being altered accordingly.2s The effect of TNF is not so clear, however, with some studies

suggesting a site of action outside the blood-brain-barrierl12 lthus implicating a central

mediator, such as IL-l) and others suggesting a direct central effect.l 13

As mentioned above, IL-1 activates the HPA via CRH. Anorexia is associated with

hypersecretion of CRH and, in rats, blockade of CRH ameliorates the anorectic effects of

penpherally administered IL-l.lr4'rr7 CRH is widely distributed in brain regions not

associated with control of pituitary function, the distribution suggesting that CRH may play

a role in modification of the efferent control systems for nutrient intake.l ls The anorexia

caused by peripheral administration of IL-l is attenuated by cyclo-oxygenase inhibitors.l le

3. Cytokines and the Acute phase protein Response

The hepatic acute phase protein response to injury varies between species. In humans the

major acute-phase proteins are C-reactive protein and serum amyloid A while in rats the

major acute-phase proteins are c,2-macroglobulin + cr1-acid glycoprote;n.r2o The role of

these proteins in injury may be to serve to limit inflammatory reactions by virtue of anti-

proteinase activ ity.L 2r

TNF and IL-1 mediate the acute phase protein response by stimulating hepatic acute phase

protein gene expression and release although these appear to be indirect effects, probably

via stimulation of IL-6 release.r22'r23 IL-6 is the most potent stimulator of hepatic-acute-

phase protein synthesis and the liver is the major target organ for IL-6.120 IL-6 plays a

direct role in the initiation of acute phase protein synthesis and this is mediated by

stimulation of mRNA synthesis.los'r24-r26 The production of the hepatic acute phase

resPonse appears to partly dependent upon an intact gp6.L27
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4. Cytokines and Direct Metabolic Effects

There is growing evidence that cytokines act at the tissue level to produce metabolic effects

such as production of hepatic acute phase proteins. Other direct tissue effects have been

more difficult to demonstate.

a. TNF

Depending upon the site at which the TNF is produced TNF appears to have different

effects. When TNF-secreting tumours were inoculated into skeletal muscle or the central

nervous system, peripheral TNF resulted in cachexia and protein loss while central TNF

resulted only in anorexia suggesting a direct effect of TNF on muscle protein metabolism.

However other work would suggest that TNF has little direct effect, if any, on the rate of

skeletal muscle breakdown, instead this being largely achieved through induction of

anorexia and production of glucocorticoi6r.sT,l lo

b. IL-l
IL-1 may have a direct effect on skeletal muscle proteolysis although this is unlikely as

most in-vitro studies, in which the effects of recombinant IL-1 on muscle protein turnover

have been studied, have yielded negative results.l2s Attempts to understand the mechanism

by which IL-l initiates proteolysis have been disappointing but it is has been shown thar

peripheral infusion of IL-1 does not act via glucocorticoicrr.2T,r2e

IL-l does have direct effects on the bone marrow producing a leucocytosis, probably via

increasing colony stimulating factors.l3o IL-1 also stimulates leucocytes to release

lactoferrin which binds iron, the resulting complex being phagocytosed by monocyres

leading to a decrease in serum iton.131,l32

c. IL-6

As mentioned above IL-6 has been consistently measured in the plasma of patients after

trauma. As yet it does not have an established role in the neuroendocrine or protein

catabolic responses associated with injury however.

d. Other Cytokines

In humans' IL-2 has been measured in the plasma of burn victims, and is able to produce

many of the metabolic responses associated with injury and infection but it probably acts
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via other cytokines to produce 11t"r".133,134 Its main role is probably that of an

immunostimulant but a direct role in the response to injury is unproven.l3s

In 19t33 a small peptide was discovered, as yet uncharacteized, which causes skeletal

muscle proteolysis after injury or infection. This small peptide is approximately 4300

daltons molecular weight and thus is much smaller than IL-l 6.151p.136 It has been

thought that this factor may be a low molecular weight species of IL-l but this has not been

confirmed.

Goldberg also has concluded that there is still an unidentified proteolytic factor produced by

activated macrophages. I 37

SUMMARY (Figure 1.4)

The response to injury is conveniently divided into an ebb phase and a flow phase. The

metabolic perturbations of the ebb phase are best understood as a reflex arc with the

peripheral nervous system and the immune system, via cytokines, as the afferent limb, the

CNS as the coordinator, and the counter-regulatory hormones acting as the efferent

effectors. These, along with alterations in tissue oxygenation, free radical generation,

cylokine production, and other mediators set the stage for the profound metabolic changes

seen in the flow phase. Also important may be efferent CNS activity in mediating muscle

breakdown.

Cytokines are produced in individual tissues in injury s[ates and are capable of stimulating

neuroendocrine activity, hepatic acute phase protein production, anorexia, and fever; all

features of the metabolic response to injury. Thus it is likely that cytokines produced in

individual tissues are key players in the metabolic response to injury and that many of these

metabolic effects are mediated via the CNS.

In this thesis the following hypotheses are tested:

1. Chronic central nervous system exposure to the proinflammatory cytokines TNF, IL-

6, and IL-1 produces a catabolic rat model.
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2. The catabolism induced by chronic central infusion of IL-l is in excess of that caused

purely by anorexia alone.

3. Chronic cerebroventricular infusion of IL-l produces adrenocortical activation.

4. Theadrenocorticalactivationproduced by chronic central nervous system exposure to

IL-l contributes to the catabolic effects of IL-1.

5. Peripheral infusion of increasing doses of IL-l produces increasing metabolic effects.

6. The metabolic effects of IL- I are mediated at the level of individual tissues.

In order to test these hypotheses a novel chronic central cytokine model was developed

utilizing proinflammatory cytokines. In order to test the final hypothesis a combined cenhal

and peripheral cytokine model was developed.
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Figure 1.4 Nervous, Immune, and Endocrine system
Interactions in Injury

Injury sets up a reflex arc with the periphenal nervous system conveying information regarding

noninflammatory stimuli, such as hypotension and parn, and the immune system conveying information

regarding inflamma0ory stimuli to the central nervous syst€m. In the central nervous system this information

is processed and a stereotypical response occurs with the efferent nervous system, including sympathetic

efferents' and the endocrine syslem acting, together with locally generated mediators, to produce protein

catabolism.
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CHAPTER 2

MATERIALS AND METHODS

All studies were conducted in accordance with the guidelines, and with the approval, of the

animal care and use committee of Harvard Medical School and the Brigham and Women's

Hospital, Boston, Massachusetts.

This chapter is divided into three parts. The first part outlines the materials used in the

experiments described in the thesis. The second outlines the methods and the third part

describes the osmotic pumps, their principles of action, and principles of drug delivery in

the experimental model.

PART 1: MATERIALS

A. Animals

Rats were used because of their small size, ease of handling, low cost, and the relative lack

of natural variation in in-bred strains. Viral-free male Sprague-Dawley rats, weighing

approximately 30Og prior to surgery, were obtained from the Charles River I-aboratories

(Wilmington, MA). They were allowed to acclimatize for 3 days in the Brigham and

Women's hospital animal facility before use, during which time were housed in cages with

free access to rat chow and water. For the 24 hours prior to surgery (except in chapter 3),

and after surgery, rats were housed individually in wire bottomed metabolic cages ar a

constant temperature of 22oC with a 12 hour lighVdark cycle. The rats were allowed water,

or 0.97o saline (in adrenalectomized rats), ad libitum throughout the study perid.

B. Cytokines

All cytokine handling was performed under sterile conditions.

I . Tumor necrosis factor

Recombinant human tumour necrosis factor-a was purchased from Genzyme (Cambridge,

MA) at a concentration of 10 pg/ml for use in chapter 3. This was diluted in phosphate

buffered saline (PBS) with dilute bovine serum albumin (BSA, 7.5vo\.
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2. Interleukin-lp

TheIL-1B used in these experiments represented amino acids A117 to SZ6gof the human

IL-l beta precursor protein, was produced in E. coli, and supplied by Cistron

Biotechnology (Pine Brook, NJ). The IL-1 contained less than SOpg/pg endotoxin as

determined by the limulus amebocyte lysate assay.138 The IL-l was all from one batch

diluted to appropriate concentration prior to delivery in PBS with dilute BSA. It was

diluted in PBS, immediately prior to placement in pumps, to the concentration required in

the experiments.

3. Interleukin-6

Recombinant human Interleukin-6 was supplied by Genetics Institute (Cambridge, MA).

This was diluted in PBS and filtered using a non-protein binding filter (Mllipore, Bedford,

MA) priorto use in experimental protocols.

4. Interleukin-l receptor antagonist

Human Interleukin-l receptor antagonist (ll--lra) was supplied by Synergen (Boulder, CO)

and was stated by the company to be endotoxin free. 6mg of Il-lra was diluted in2flpl
of PBS resulting in a delivery rate of 24pglhour of IL-lra using the 20Ol Alzetosmotic

pumps (see below). This dose was chosen as this had been shown to effective in

preventing anorexia when infused centrally in a model of rat colitis.l3e

C. Metabolic cages

Rats were kept in individual metabolic cages (L-ab Products, Inc., Maywood, NJ) which

allowed control over, and measurement of, food and water intake and the separate

collection of faeces and urine. Urine and faeces were collected daily for nitrogen excretion

determination. All data collection was performed between 0700 and l l00 hours.

D. Antibiotics

Cefazolin (Schein Pharmaceuticals, Port Washington, NY), a semisynthetic broad-

spectrum cephalosporin antibiotic, was diluted with sterile O.97o salineand a dose of lgmg

was injected intramuscularly preoperatively as a prophylaxis against infection.
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E. Solutions

Phosphate buffered saline and bovine serum albumin in PBS (Dulbecco's pBS and BSA,

Gibco BRL, Grand Island, NY) were used to dilute cytokines and for control infusions.

F. Chow

Powdered rat chow (#5001, Purina Mills Inc., St. Louis, MO) was fed to the rats ad lib

except in the pair-feeding protocol in chapter 4. This was assayed, by the Kjeldahl method

(see below), and found to contain 40.9 mg of nitrogen per gram of chow. other

components were (as per the company):

Crude fat: >4.57o

Crude fibre <6.O7o

Ash <8.OTo

Added minerals <2.5Vo

G. Corticosterone pellets

Corticosterone pellets were made by compounding corticosterone (Steraloids, Wilton, NH)

and cholesterol (Sigma, St. [,ouis, MO) so that corticosterone comprised35Vo of the total

weight. This dose for corticosterone was previously established to provide maintenance

corticosterone levels in adrenalectomized animals, to prevent adrenalectomy-induced

increases in morning ACTH, and to maintain normal thymic weight.lao

H. Non-steroidal anti-inflammatory drug

Ketorolac (Syntex, Palo Alto, CA), a non-steroidal anti-inflammatory drug, was diluted in

PBS so as to deliver 0.6mg per day by osmotic pump. This dose was approximately that

recommended by the company for use in humans on a weight basis.

PART 2: METHODS

A. Assays

l. ACTH and Corticosterone

Corticosterone and ACTH were measured by radioimmunoassay (lCN Biomedicals, Costa

Mesa CA; Incstar Corp., Stillwater MN, respectively).
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2. Cytokines

Cytokines were assayed using enzyme linked immunosorbentassay (ELISA, Cistron

Biotechnology for IL-l, Syntex for IL-6). Aliquots of IL-l and IL-6 were incubated at

3'7oC for 7 days to check for cytokine degradation over this period of time. These

cytokines were found to be stable over this period of time in the concentrations used in the

experimental protocol s.

3. Nitrogen

Two techniques were used for nitrogen estimation:

a. Kjetdahl 114"11to4r41

This method was developed by Dr. Kjeldahl of Denmark in 1883 and is the most common

method for nitrogen determination in use today. The method involves three steps:

i. Digestion of the sample in sulphuric acid at high temperature thus converting all of the

nitrogen into ammonium sulphate.

ii. Distillation-the digest is alkalinized and the liberated ammonia is steam distilled into an

acid receiver.

iii. Titration-the ammonia is back-titrated by adding base to quantitate the excess acid.

A number of modifications of Dr. Kjeldahl's technique have been made to improve its

accuracy. The key features are improvement of the digestion pr@ess, and quantification of

the ammonia by colourimetry. These modifications have made the technique more accurate

and suitable for the quantification of nitrogen in solid samples such as stool, rat chow, and

dried carcass.

b. Chemiluminescencel42

The chemiluminescence instrument (Antek Instruments Inc., Houston TX) consists of a

chemiluminescen@ nitrogen detector, a pyroreactor, and a syringe driver. The instrument

converts all nitrogen in the sample to nitric oxide at l lO0oC in the pyroreactor. This nitric

oxide is mixed with ozone and converted to excited nitrogen dioxide. As this molecule

decays it emits light which is measured between 650nm and 90onm by a photomultiplier

tube. This technique is suitable for liquid specimens such as urine.
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4. Serum iron and albumin

Serum albumin and iron were assayed using colourimetric methods (Abbott l.aboratories,

Sth Pasadena, CA and Sigma, St. [.ouis, MO, respectively).

6. Complete blood count

Complete blood counts were determined using an automated counting system (Technicon,

Tarrytown, NY). Where indicated white cell differentials were assessed manually. In this

thesis serum iron and albumin and white blood cell count are collectively called acute phase

indica0ors for ease of reference.

7 . Insulin and glucose

Insulin was measured by radioimmunoassay (Diagnostic Products, Los Angeles, CA) and

Glucose by a commercial glucometer (Beckman, san Ramon, cA).

B. Surgical Procedures

I . Anaesthesia

Rats were anaesthetized by an intraperitoneal (ip) injection of 5omg/kg sodium

pentobarbital. Further doses of anaesthetic were given as necessary to keep the rats

anaesthetized.

2. Adrenalectomies

Adrenalectomies were performed under the same anesthetic as above. A single dorsal

incision was used and the skin was closed with skin-clips (Michel Clips, Biomedical

Research Instruments, Bethesda, MD). Sham adrenalectomies included dorsal and

peritoneal incisions but the adrenal glands were not manipulated.

3. cerebroventricular pump-cannula apparatus (Figure 2.1)

The pump-cannula apparatus consists of three components. The first is a brain infusion

cannula. The second component is an Alzet miniosmotic pump (Alza Corporation, palo

Alto, cA). The third component is a piece of polyethylene tubing ,7.5 cmin length .

The cannula was implanted into the right lateral cerebral ventricle according to the atlas of

Paxinos and Watson (coordinates lmm posterior to bregma, l.5mm lateral to the mid-line

and 3.5mm deep) and secured to the skull with a single stainless steel self-tapping screw,

which acts as an anchor, and dental cement.l43 The miniosmotic pump was placed in a
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interscapular subcutaneous cavity, created with a haemostat, and connected to the

cerebrovenficular cannula wittr the polyethylene tubing.

4. Harvest

The morning was chosen for the harvests in all experiments as this is the time of day at

which corticosterone (the predominant glucocorticoid in the rat) levels are lowest in the rat

thus avoiding the confounding effects of circadian corticosterone secretion. rM All harvests

occurred between 0700 and 1100 hours. In the first studies rats were sacrificed by

overdose of intraperitoneal anaesthetic, and pneumothorax, as harvesting under non-

stressed conditions was not necessary. In experiments investigating the HpA, data

collection was under non stressed conditions. Thus rats were harvested in a quiet room by

decapitation, without prior anaesthetic, and trunk blood was collected for analysis.

In all cases dye was injected via the cerebroventricular cannula to check cannula position.

C. Metabolic Studies

l. Nitrogen balance studies

Faeces and urine were collected separately using the metabolic cages. Urine was acidified

to a pH of 2-4 with concentrated hydrochloric acid. All urine passed was collected daily

while stool was pooled over the experimental period. Stool specimens were then analysed

for nitrogen content by the Kjeldahl method while urine specimens were analysed for

nitrogen by chemiluminescence. Nitrogen balance was then calculated by subtracting

output (stool and urine nitrogen) from input (chow nitrogen).

2. Body Composition

Carcasses were shaven, decapitated, and homogenized in a blender. Rat carcasses were

prepared for homogenizing by steam autoclaving at2lCf,.C for 40 minutes. After this rat

carcasses were homogenized and water content was determined by drying of the

homogenate to constant weight in an oven atl2Ctr.C over 4 to 5 days. Nitrogen content of

the dried homogenate was determined by the Kjeldatrl method.

D. Exclusion Criteria

All animals were subjected to a post-mortem. Exclusion criteria were:
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1. Cerebroventricular cannula not in lateral ventricle. This was determined by injecting

dye through the cerebroventricular-cannula into the lateral cerebral ventricle. A post-

mortem was then performed and the brain removed and sectioned. Rats without staining of

the ventricular system were excluded from further analysis.

2. Infection around the miniosmotic pump or the cerebroventricular-cannula.

3 . Failure to complete the experimental protocol.

E. Rectal temperature

Initially rectal temperature was measured with a rigid glass mercury thermometer in the

experiments described in chapter 3. This proved to be cumbersome and inappropriate for

daily measurements and in later experiments rectal temperature was measured with a

flexiblethermistorinserted at least 5cm into the rectum (Harvard lnstruments, Sth Natick,

MA). This was calibrated with a standard mercury thermometer and a water bath and was

found to measure temperature linearly over the ftmge of 30-5@c (12=0.99).

F. Statistical Analysis

Data analysis was performed using a Macintosh Powerbook 140 computer (Apple

Computers, Inc., Cupertino CA) and STATISTICA for Macintosh software (Statsoft, Inc.,

Tulsa, oK). For multiple comparisons of means at one time point, one way analysis of

variance (ANOVA) was used to compare groups. Two way ANOVA was used to look at

group and time effects (repeated measures ANOVA). The Neuman-Keuls test was used for

post-hoc comparison of means when group-time interaction occurred within the two way

ANOVA or when group differences were detected in the one way ANOVA. If the

variances were unequal the data were logarithmically transformed before analysis. Linear

regression was carried out using the method of least squares. Differences were considered

significant when pco.05. Results are expressed as mean +/- standard error of the mean.



Figure 2.1 chronic cerebroventricular cannulation
Apparatus

The pumpcannula apparatus consists of three components. The first component is a brain infusion cannula,

placed with its tip in the lateral cerebral ventricle. The second component is an Alzet miniosmotic pump and

this is connected to the brain infusion cannura by polyethyrene tubing, 7.5cm in length.



Figure 2.2 cross section of an llzetMiniosmotic pump

The miniosmotic pump consists of a semipermeable membrane sunounding a hyperosmotic

sodium-chloride-rich gel. As water, from the subcutaneous tissues, passes across the membrane the reservoir,

containing the experimental solution, is compressed so driving the reservoir,s conlents out through the flow

moderator.
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PART 3: OSMOTIC PUMPS

A. Design And Principles of Action (Figure2.2)

The principles of action of operation of the pump are relatively simple. The driving force

for the pump is the difference in osmotic pressure between the sodium chloride-rich gel,

which makes up the osmotic sleeve, and the implantation site. Water enters the sleeve

along this osmotic gradient, across the rigid and non-deformable semipermeable membrane,

and compresses the flexible reservoir thus displacing the solution through the flow

moderator.

These pumps were designed in the 1970's by Theeuwes and Yum and are based on the

principles of the properties of semipermeable membranes and the incompressibility of

water.l45 It is from their work that the following mathematical discussion is modified.

Equation I describes the rate of water flow across the semipermeable membrane caused by

the osmotic pressure gradient:

Equation I J=K.A.(oAr-AP)

J : Volume water transported across the membrane per unit time

K : The permeability of the semi-permeable membrane to water

A = Theeffectivesurfaceareaoftlemembrane

o = The osmotic reflection coefficient of the membrane (:l for an ideal membrane which is selectively

permeable to water but not to the osmotic driving agent)

= The difference in osmotic pressure across the semipermeable membrane

: The differenoe in hydrostatic pressure across the sernipermeable membrane

Given that the fluid in the reservoir is incompressible and the semipermeable membrane is

ngid and non-deformable the volume delivery rate from the osmotic pump is the same as

the transfer of water across the membrane ( J ).

It is important for the purposes of constant drug delivery that the rate of transfer of water

across the semi-permeable membrane remain constant and this can be achieved if oAr -

Aru

AP
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AP = a constant (see equation 1). o, assuming that the membrane is a true semipermeable

membrane, remains constant. AP, given the easily deformable nature of the reseryoir, is

essentially zero.

when the pump operates in environment with an osmotic pressure fi,s, L,fiis given by:

Equation 2 An=ns-ne

A r : The differene in osmotic pressure across the semipermeable membrane

fis : The osmotic pressure of the osmotic driving agent in the osmotic sleeve

ns : The osmotic presswe of tlte environment in which the pump is sited

ng should remain a constant in the live animal. The major design difficulty in designing

the pumps, therefore, becomes maintaining a constant ns (see Equation 2). This has been

achieved by using excess amounts of osmotic agent so that changes in ns remain minimal

for a predictable period of time (to 5Vo of original reservoir volume in the pumps used).

The osmotic sleeve is created by concentrically coating salt layers onto the outside of the

reservoir and then coating this with a cellulose acetate semi-permeable membrane whose

characteristics are close to ideal.

B. Filling of Pumps and Pump Specifications

Filling of the pumP is by means of a I ml syringe and a blunt-tipped needle. After this a 2l
gauge flow-moderator, connected to a7.5 cm piece of PVC tubing, is inserted in to the

pump. This is designed to minimize the effects of accidentally entrapped air bubbles,

introduced on filling, on the delivery rate of the pump. The pumps and tubing are then

incubated in saline at 37oC for at least four hours prior to placement in a subcutaneous

pocket. The pumps used in these experiments were the model 2001 (lot numbers 040301,

UO302,04O303, W2O3, Table 2.1)
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Table 2.1 OsmoticPumpspecifications

Thesedara (mean*s.d.)werecalculatedbyAlzA@ corporation bytesting of a random sample of each batch

of pumps prior to shipment. The pumping rates of these pumps are specified for 3ZoC operating

conditions.

c. cannulation of the Lateral ventricre in the Rat (Table 2.2)

In assessing the best model for cannulation of the lateral ventricle two techniques were

utilized. The first technique used a stereotactic instrument (David Kopf Instruments,

Tujunga, CA) to accurately place a stainless steel cannula with its tip in the lateral ventricle

of the rat. This was initially performed in 13 rats using an adjustable cannula device

(Plastics I, Roanoke, VA) and the coordinates: 0.8mm posterior to Bregma, l.5mm lateral

to the sagittal suture, and 3.6mm below the skull surface. After insertion, the rats were

recovered for 7 days and then sacrificed by decapitation after the injection of dye down the

cannula. Three rats died perioperatively. One cannula became displaced and one cannula

was found not to be in the lateral venficle at autopsy.

Use of the stereotactic instrument was cumbersome and necessarily required puncture of the

rat's tympanic membrane and so a freehand technique was developed based on a

modification of previous reports.r46-r48 The measurements used were based on the

standard rat atlas of Paxinos and Watson.l43 The cannula was able to be adjusted for

[.otnumber 040301 w302 04{E}03 0/0/203

lrnsth(cm) 3.0 3.0 3.0 3.0

Diameter(cm) o.7 o.7 o.7 o.7

Weisht(s) o.4 o.4 o.4 o.4

Volume (ml) I I I I

Reservoir

volume (pl)

22Ox6 219 x,7 224t6 222*,6

Pumping raft

(u,l/hr )

1.06 + 0.03 1.01 + 0.06 1.03+0.04 1.06 t 0.04



30

depth to intervals of 0.5mm by the use of spacers between the cannula and the skull. The

coordinates used were: lmm posterior to Bregma, 1.5mm lateral to the sagittal suture, and

3.5 mm below the surface of the skull. The cannula was secured to the skull with a single

stainless steel self-tapping screw, which acted as an anchor, and dental cement. The

miniosmotic pump was placed in an interscapular subcutaneous cavity created with a

haemostat and connected to the cerebroventricular cannula with polyethylene tubing (Figure

2.1).

An acceptable perioperative mortality rate of less than l07o and a positive cannulation rate

of 93Vo wasabletobeachievedinitially(89of g6forthefirstg6rats) and this improved to

a mortality rate of 57o and a positive cannulation rate of 957o for the last 42 rats in the

studies. An injection of approximately 80pl of dye was injected through the cannula at

postmortem to check cannula position (80f1 calculated as being adequate for filling of the

dead-space of the cannula and tubing, and for staining of the lateral ventricle).

Table 2.2 Improvement in cerebroventricular cannulation Technique

Technique Number of rats Mortality(7o) +veCannulation%o

Stereotactic t3 23 90

Freehand-earlv 96 <10 93

Freehandlater 42 5 95

Over the 18 months of the studies described in this thesis improvements occurred in both mortality, almost

exclusively anaesthetic related, and positive cannulation rate. Although not documented here tlere were no

obvious changes in the metabolic effect of cannulation alone over the same period of time.

D. Cytokine Delivery by Cerebroventricular Infusion

It has been estimated that approximately 2Vo of ancerebroventricular dose of a dilute protein

solution will reach the hypothalamus.l4e If the volume of the cerebrospinal fluid (CSD

and the half-life of the drug is known then the concentration in the CSF, and thus the

amountof drug reaching the hypothalamus, can be calculated using the following equation:
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Equation3 C = Rate / ( V.( 0.693 | lrrz )

: Steady state concentration

= Volume of distribution

: The half-life of the cytokine in the CSF

Assumptions involved for this model are:

1. The cytokines do not breakdown in the pumps over the 7 day time period

2. The volume of distribution of drug in the csF = the volume of the csF

3. The infusion rate delivered by the pump does not alter intracerebroventricular fluid

mechanics.

These assumptions are dealt with below:

1. Breakdown of cytokine

a. In the pump

This was addressed by incubating cytokines used in the study at 37oC for 7 days and

assaying by ELISA at the beginning and end of this time (see above). Over this period of

time there was no evidence for breakdown of any of IL-1 or IL-6 at concentrations used in

chapter 3. Studies by other investigators using these cytokines and IL-lra and TNF have

not experienced any breakdown of the cytokines in the pumps or problems with cytokine

delivery.2s' 13e' lso

b. In the CSF

Cytokine-induced inflammatory changes in the meninges would be expected to alter ttre

metabolism of centrally administered cytokines. It is not known at what rate this occurs

and whether or not it is constant over time (see below).

2. changes in the volume of distribution of the c5rtokine

The volume of distribution of the cytokines initially is assumed to be the same as the

volume of the CSF. Estimates of rat CSF volume vary between 130 and 30opl in 250-

3509 rats.l4e'rsr The volume of distribution is most probably larger than this (as reliance
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is placed on the cytokines escaping in low concentration to other organs outside the

ventricular system) but it seems likely that only small volumes esqrpe from the CSF into the

brain substance. Thus, as a first approximation, these volumes are likely to be the best

estimate.

Inflammatory changes in the meninges, and subsequent breakdown of the blood-brain-

barrier, would be likely to produce changes in the pharmacokinetics of chronically

administered cerebroventricular cytokines. Single doses of long of TNF administered

cerebroventricularly are non-inflammatory in rabbits and up to 100ng has only a minor

inflammatoryeffect.ls2 Large doses of intracisternal recombinant human TNF do not

cause meningeal inflammation or breakdown of the blood-brain barrier in rats or

rabbits-42'ls3'rs4 IL-lp may be associated with inflammatory changes but this is

controversial at present.rs2'rs3' 155 There are no long-term cytokine administration studies

addressing this issue. We did not perform microscopy on the brains at autopsy as the dye

used to confirm cannula position would have interfered. However, there was no

mrrcroscopic evidence of inflammation at autopsy.

3. Cerebroventricular fluid mechanics

The rat choroid plexus produces CSF at a rate of approxim ately 2.2y.1/minute and the CSF

volume in the size of rats used is approximately 130-300p1 and so it would seem that

volume of infusion of lpl/hour, as used in the studies described in this thesis, is unlikely to

cause problems with intracerebral fluid balance.lsl' 1s6

D. Calculation of Cytokine Dosage

In hypothalamic incubation experiments investigating the role of IL-1 in activating the HpA

a concentration of 2.3pM of IL-1 was required for CRH to be produc:rd.l3 In experiments

utilizing cultured hypothalamic cells a concentration of 10nM of IL-l led to CRH

production.T4 Thus, under differing conditions, a wide range of doses of IL-1 produces

similar effects.

As mentioned above several of the variables in the steady state equation are not known

(Equation 3). However it is possible to make several assumptions and calculate an effective
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dose of IL-1 which may reach the hypothalamus, where metabolic effects are thought to be

cmrdinated.

If the volume of distribution is assumed to be 300p1, the half life in the CSF as 15 minutes

(in the plasma the half life is probably 4 to 8 minutes2a), and the rate of administration as

lOng/hour (z0ngld^y) then this would result in a steady state concentration of l2.Ong/ml

in the CSF. If 2Vo of this reaches the hypothalamus then a concentration of approximately

240pglml should surround the hypothalamus at steady state. As IL-l is a l7.SkD protein

then this is a concentration of 13.7pM, within the range specified above. Other workers,

using acute cerebroventricular dosing have used doses of 10-10ong of IL-1 to produce

acute metabolic effects.To Given this previous work and the above calculations a dose of

l0ng/hour was selected for the chronic infusion model.
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CHAPTER 3

A CHRONIC CENTRAL CYTOKINE INFUSION MODEL PRODUCES

CATABOLISM IN THE RAT

INTRODUCTION

Early research into the cause of the nitrogen losses experienced by injured patients

concentrated on the penpheral nervous system and its role in activating the central nervous

system (CNS) to produce an outpouring of counter-regulatory hormones with subsequent

body protein wasting. l^ater work demonstrated that this was not enough to explain the

protein wasting in injury which was maximal during the flow phase when the counter-

regulatory hormones had returned to normal, and a role for humoral mediators was

invoked.

When peripherally infused cytokines were discovered to have metabolic effects it was

thought by a number of investigators that these were the humoral mediators responsible for

the wasting of body protein in injury.3a' 13s' ls1 With the demonstration of the presence of

IL-1, IL-6, and TNF in the CSF of patients with head injury and meningi1i",2a,2e,ao,ar and

the discovery that the brain was able to synthesize these cytokines, investigators began to

consider that IL-1, IL-6, and TNF might act via the CNS to mediate metabolic effects. The

ability of single central injection of these cytokines to produce many of the features of

chronic catabolic illness, including pyrexia, anorexia, activation of the HpA, and

production of the acute phase response added evidence to the hypothesis that IL-1, IL-6,

and TNF were involved in post-traumatic metabolic responses via the central nervous

system.

To date a role for prolonged central neryous system exposure to these cytokines has been

speculative as no chronic central infusions have been performed. Therefore, to investigate

the role of chronic central nervous system exposure to these proinflammatory cytokines a

chronic central cytokine infusion model has been developed. Using this model it has been

possible to deliver cytokines into the lateral ventricles of rats at a constant rate, in low

concentrations, for prolonged periods of time.



35

The work outlined here describes a chronic central cytokine infusion model utilizing the

proinflammatory cytokines IL-1, TNF, and IL-6. In a further preliminary experiment the

role of prostaglandins in the mediation of the metabolic effects of chronic central IL-l is
examined.

EXPERIMENTAL PROTOCOL (Figure 3.1)

A. After aT2hour acclimatisation period in the hospital animal facility 33 rats (306*.2

grams preoperative weight) were anaesthetized with intraperitoneal sodium pentobarbital.

Cefazolin was injected intramuscularly as a prophylaxis against infection.

Cerebroventricular cannulae were implanted in the right lateral cerebral ventricle. These

were then connected to subcutaneously placed miniosmotic pumps containing IL-1

(Z4onglday, n=6), rL-6 (24onglday, n=6), TNF (l08nglday, n=7), or vehicle (pBS or

BSA, n=14). Studies involving a higher dose of TNF could not be performed because of

the lack of availability of the cytokine.

Figure 3.1 Experimental Protocol

cerebroventricular
cannulation
im antibiotic

Nitrogen balance Rectal
temperature

Harvest
TBN
TBW

Chow intake

Central cytokines or vehicle

After surgery animals were placed in individual metabolic cages and were allowed rat chow

and water ad lib. Urine and faeces were collected for assessment of nitrogen balance.

After 7 days animals were weighed and anaesthetized with ip pentobarbital. Within 5

minutes of being anaesthetized animals were weighed and rectal temperature was measured.

Blood was then drawn from the aMominal aorta for analysis. A post-mortem was carried

out to ensure proper cerebroventricular cannura position 
unfuersitv of Aucktand Library

P !--i I :"..soN t-l B RARY
SCiICCL OF MEDICII'I5
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The decapitated carcasses were shaved and processed for nitrogen and water (see materials

and methods).

B. In a preliminary study to investigate the role of peripherally generated prostaglandins in

the weight loss caused by central administration of IL-I, 7 rats were studied. This protocol

differed from the first one in that nitrogen balance was not assessed and rectal temperature

and body weight were measured each morning.

The 7 rats were allocated to one of 3 groups. Animals were anaesthetized as in the first

protocol and were given an intramuscular injection of Cefazolin. The animals were divided

preoperatively into three groups. One rat had a subcutaneous pump inserted delivering

0.6mg/day of Ketorolac, a non-steroidal anti-inflammatory drug. 3 rats underwent

cerebroventricular cannulation and these cannulae were then attached to subcutaneous

pumPs delivering IL-l at VlOnglday. A further 3 rats had cerebroventricular cannulae

placed delivering IL-1 at 24onglday and also had subcutaneous pumps inserled delivering

Ketorolac at 0.6mg/day. Infusions lasted 7 days and then rats were sacrificed by overdose

of ip pentobarbital.

Results

A. 33 animals were entered into the protocol. One control animal died perioperatively

from a respiratory arrest. Of the remaining 32 animals, four were excluded, three because

the cerebroventricularcannulae were not in the lateral ventricle (l TNF, I IL-1, and 1 IL-6)

and one control was excluded because of a jaw abnormality which precluded normal

feeding (this animal was also a statistical outlier). Controls receiving BSA or PBS did not

differ in any measured parameter and so were pooled for analysis.

Over the 7 day cytokine infusion animals receiving central IL-l lost weight, became

anorexic, and failed to gain as much nitrogen as controls. Animals receiving IL-l looked

unwell with piloerection and developed an unkempt appearance. They quickly became

cachectic and did not groom normally. Animals receiving central IL-6 or TNF looked well

and were generally indistinguishable from confols.
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Nitrogen metabolism (Figure 3.2, Table 3.1\

Over the first three days the animals receiving IL-1 had negative nitrogen balance, taking

3.8a{.9 days for the IL-l rats to attain positive nitrogen balance while the other groups

never became negative (Figure 3.2). The loss of nitrogen over this time and failure to

accrue nitrogen as quickly as controls after day 3 meant that these animals had lower

carqNs nitrogen's than controls. Although animals receiving TNF were never in negative

nitrogen balance their cumulative nitrogen balance, over the first three postoperative days,

was less than that of controls, but greater than that of the IL-l animals, while @rcass

nitrogen was less than that of controls. IL-6 rats had a higher carcass nitrogen than

controls.

Table 3.1 Body Composition and Metabolic Data

xp<0.05 vs. control, TBW=Carcass water, TBN=Carcass nitrogen, WBC=White blood

cell count, Temp-Rectal temperature at harvest.

Chow Intake (Figure 3.3, Table 3.1)

Animals receiving central IL-l or TNF ate significantly less chow over the experimental

period than controls. IL-l animals also ate less than the TNF animals but this failed to

reach statistical signifi@nce. Chow intake for the first three days was less than that for the

second three days in the control, IL-l, and TNF groups. Chow intake in the IL-l animals

was less than control for the first three days but this anorectic effect was attenuated after

Group TBW

(vo)

TBN

(grams)

Total

Chow(s)

wBc

Gotlpr)

Temp.

(oc)

Control 70.7+O.5 8.04t0.21 128!5 8.2r0.5 37.5*O.l

IL-1 71.1t0.5 6.6910.81x 83+11x 7.3*7.4 37.9+O.2

TNF 71.4+O.5 7.38+0.24x 105+9x 7.4*0.6 37.4*O.2

IL-6 70.9+0.4 9.14*0.14* 143jf/ 9.1+0.3 3'7.4+O.2
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this time. There was a close relationship between cumulative chow intake and cumulative

nitrogen balance for all 4 groups (e0.93 and p<0.001).

Body weight (Figure 3.4)

Controls gained 35 grams body weight. Animals receiving central IL-l lost 23 grams body

weight while infusions of IL-6 or TNF did not result in weight loss. However TNF-

infused animals railed to gain as much body weight as controls.

Rectal temperature (Table 3. l)

Although rectal temperature was higher in the IL-l infused animals than in other groups this

was not statistically significant.

Body water (Figure 3.1)

Total body water was not significantly different from control in any group although animals

receiving cental IL-l and rNF had a trend towards an increase in TBW.

Blood parameters

The complete blood counts did not differ between the groups.

B . All 7 rats survived the initial operation and all central cannulae were in placn atthe end

of the study. The rat receiving sc Ketorolac gained 63 grams body weight and ate 166

grams of chow. The two groups receiving central IL-l lost approximately 20 grams of

body weight and ate only approximately 70 grams of chow. Maximum rectal temperarures

were similar in both the IL-1 infused groups of animals and remained elevated throughout

the experimental period (Table 3.2).

Table 3.2 MetabolicData

Group Chow Intake

(srams)

\ileight Change

(grams)

Maximum Temp.

(0c)

scKetorolac r6 +63 38.0

IL-1 72+22 -22+21 39.3t0.3

IL- l/sc Ketorolac 77+8 -1915 39.3*O.4
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DISCUSSION

IL-1, TNF, and IL-6 have all been shown to have acute CNS effects, but only centrally

administered IL-l and TNF produced these effects in the doses used in this chronic central

cytokine infusion model. Although TNF produced less effect than IL-l in this model, this

may be related to the lower molar dose utilized. A higher dose of IL-6 may have also

produced metabolic effects as it has been shown that the HPA, at least, is more sensitive to

IL-l than to IL-6.80 A useful role for IL-6 in this study was that it showed that chronic

nervous system exposure to a low molecular weight protein, in itself, does not cause

metabolic effects.

Data from previous studies would suggest that IL-l may produce catabolism by stimulating

the production of the counter-regulatory hormones (see Chapter 1). IL-l is the only

cytokine to consistently activate these hormones by central administration. In one study

where the effects of central IL-l and IL-6 on the sympathetic nervous system were

compared IL-l activated the system while IL-6 did not,8e and while IL-l is known to

activate the HPA, when injected centrally, TNF does not although its effects are thought to

be centrally r"6iu1"6. se' 60

However, there was a close relation between chow intake and cumulative nitrogen balance

suggesting that the predominant cause of the changes in nitrogen balance seen with the IL-l
were due to anorexia. Starvation itself will lead to negative nitrogen balance, at least in the

short term, but a truly catabolic model will demonstrate nitrogen loss in addition to that

caused by anorexia. To investigate this a pair-feeding protocol is required (see chapter 4).

There was a trend towards the IL-l producing pyrexia but this was not statistically

significant. This was probably due to the technique used to detect this, as a single time-

point was unlikely to detect 0emperature elevations of this magnitude. Pyrexia may well

have been more pronounced in the first three days or so, as shown in the second

experiment.

In the second, although preliminary, study it was shown that the peripherally administered

cyclo-oxygenase inhibitors are unable to block the metabolic effects of centrally

administered IL-1. Ketorolac is unable to cross the blood-brain barrier and this supports a
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central role for IL-l as peripheral infusions of IL-l qtuse loss of weight, anorexia, and

pyrexia by prostaglandin mediated mechanisms.l le' ls8

In this study chronic central TNF, in very low doses, inhibited weight gain and nitrogen

accretion in growing rats. l.ong-term central nervous system exposure to TNF has been

studied by implanting TNF secreting tumour cells into the lateral ventricles of rats. In the

contextof an expanding TNF-producing tumour in the brain TNF produced anorexia, but

not loss of body protein, while peripheral TNF secreting tumours produced body protein

wasting thus suggesting that TNF acts directly on muscle and/or the viscera, and not via the

CNS to produce muscle breakdown.lse Further study with higher doses of TNF may well

produce a similar picture to that seen with central infusion of IL- I

In summary, this experiment has shown that chronic centrally administered IL-1, but not

IL-6 in similar dose, produces protein wasting and lends support to the hypothesis that IL-l

may be the central medialor of the metabolic responses seen in chronic catabolic states. In

addition it would appear that these metabolic effects are not mediated by peripherally

generated prostaglandins. Centrally administered TNF appears to have some metabolic

effects but further work is needed to evaluate the dose-response characteristics of this

cytokine.
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Figure 3.4 Body Vt/eight Change
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CHAPTER 4

THE METABOLIC EFFECTS OF CHRONIC CENTRAL INTERLEUKIN.I

BY ANOREXIAARE NOT FULLY EXPLAINED

INTRODUCTION

In chapter 3 it was shown that chronic central administration of IL-l produces a rat model

which possesses a number of characteristics of chronic catabolic illness. In particular

animals receiving central IL-l became anorexic and demonstrated nitrogen loss. The

nitrogen loss appeared to be closely related to the degree of anorexia. One of the key

features of chronic catabolic illness is the inability to completely attenuate this nitrogen loss,

even with the provision of adequate caloric intake, while the nitrogen loss associated with

anorexia is easily reversed with such treatment.T Thus it has long been recognized that

patients sustaining trauma are hypercatabolic.

Therefore to investigate the ability of chronic central IL-1 to produce a hypercatabolic

animal model, similar to that seen in severe injury, animals were infused cenrally with IL-l
and compared with animals infused with central saline and pair-fed or fed ad lib. A further

control group received an infusion of subcutaneous IL-1 to exclude peripheral effects due to

diffusion of centrally administered IL-1.

EXPERIMENTAL PROTOCOL (Figure 4.1)

Vlmale viral-free Sprague-Dawley rats were brought into the animal facility at the Brigham

and Women's hospital at least 72 hours prior to surgery. 24 hours prior to surgery animals

were placed in individual metabolic cages for baseline data. On the day of surgery animals

were an:Fsthetized and intramuscular Cefazolin was injected. They then underwent lateral

cerebroventricular cannulation and these cannulae were then connected to subcutaneouslv-

implanted miniosmotic pumps containing IL-l or pBS.

The animals were divided into 4 groups. The first group received a central IL-1 infusion

(n=6,240nglday). Two groups received central PBS and were fed chow ad lib (n=6) or

were pair-fed with the tL-l animals (n=6). Pair-fed animals were operated on the day after

the IL-l group and were paired with one of the animals receiving IL-I. Each morning the
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pair-fed animals were presented with the same amount of chow consumed by the matched

pair receiving IL-l over the preceding 24 hours. A further control group (n=6) had a

cerebroventricular cannula placed and the lumen was obliterated with dental cement. A

miniosmotic pump was then placed subcutaneously and the PVC tubing left unattached so

as to infuse IL-l (48Onglday) into the subcutaneous tissues.

The infusions lasted 7 days and over the first six days chow intake, body weight, and

nitrogen balance were measured. The animals were weighed and rectal temperatures were

measured at the end of the seven day infusion and then animals were anaesthetized with

intraperitoneal pentobarbital. Blood was then taken from the aMominal aorta for complete

blood count and serum iron and albumin assay. The animals were then decapitated and dye

was injected via the cerebroventricular cannulae to check placement. The carcasses were

then processed and analyzed for nitrogen and wa[er content as described in chapter 2.

Figure 4.1 Experimental Protocol

Day0 Day I Dayt

Rats placed
in metabolic
cages for
baseline data

cerebroventricular
cannulation
im antibiotic

Nitnogen balance
Chow intake
Body weight

Rectal
temperature
Harvest
TBN
TBW

IL-l or PBS

RESULTS

Central infusion of IL-l over 7 days resulted in anorexia, pyrexia, weight loss, and net

protein catabolism. The pair-fed animals also lost weight and had net nitrogen loss

although this occurred to a lesser degree than the IL-1 animals. Peripheral infusion of IL-l
produced a mild acute phase response with a leucocytosis, a trend towards decreased serum

iron and albumin, but only minimal changes in nitogen metabolism were observed.
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Nitrogen metabolism (Figure 4.2,Table 4.1)

The control animals gained nitrogen and the daily rate of nitrogen accretion did not differ

from preoperative values. The IL-l animals lost nitrogen consistently for the first three

days' At that point the loss of nitrogen became attenuated and the animals became anabolic

on the 6th day postoperatively. The pair-fed animals did not lose as much nitrogen as the

IL-l infused animals and became anabolic on day 5.

Statistically significant differences were also observed when cumulative nitrogen balance

was compared (Table 4.1). Central infusion of IL-l led to more nitrogen loss than pair-

feeding the animals. Both these groups of animals lost significantly more nitrogen than

controls or peripherally infused IL-l animals.

Carcass nitrogen was diminished in central IL-1 and pair-fed animals compared with

controls. Peripheral infusion of IL- I also resulted in a decrease in carcass nitrogen

although this was not to as great an extent as central infusion of IL-1.

Table 4.1 Body CompositionandNitrogen Metabolism

' p..05 vs. control, t pd.05 vs. control and sc IL-l, + p<0.05 vs. all other groups.

TBW=Carcass water, TBN=Carcass nitrogen, Cum. N. Bal.=Cumulative nitrogen

balance.

Chow intake (Figure 4.3)

Chow intake decreased in the IL-l animals compared with control from day I

postoperatively. The anorexia was attenuated after day 3 but never returned to preoperative

Group TBW

(vo\

TBN

(srams)

Cum. N. Bal.

(ms)

Control 71.2+O.5 8.98+0.35 1939!.191

Central IL-1 72.8*O.5 5.84t0.281 -10231200+

Pair-fed 73.5r0.5* 6.75+O.35* -2l7x.l48[

sc IL-1 71.6+0.2 7.53+0.26' 1385+196+
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levels nor matched the intake of controls. Peripheral infusion of IL-l did not result in

anorexia.

Body weight (Figure 4.4)

The control and peripheral IL-l animals gained weight steadily over the 7 days eventually

gaining over 36 gmms body-weight. Initially, weight gain was slower for peripheral IL-l
animals than controls but by harvest, weight was similar. The IL-l and pair-fed animals

lost weight steadily for 3 days and then stayed at a constant weight for the rest of the study

despite an increase in chow intake and the attainment of positive nitrogen balance. Central

IL-1 animals lost more weight than pair-fed animals over the first three days resulting in

lower weights in central IL-1 animals from day Zuntil harvest.

Body water (Table4.l)

Central and peripheral infusions of IL-1 did not result in statistically significant differences

in body water compared with control animals. Pair-feeding of animals resulted in an

increase in TBW although this was not different to animals in the centml IL-l group.

Table 4.2 Rectal Tempenature and Acute Phase Indicators

Group Temperature

(oc)

wBc
(l0alull

Iron

(us,ldl)

Albumin

(e/dl)

Control 37.3+O.1 7.2+1.4 215t35 4.10r0. I I

Central IL-l 38.0r0.1t 9.1r1.0 239*53 3.61+0.19

Pair-fed 37.4+O.2 5.7+0.8 167*49 3.8510.05

sc IL-1 37.4+O.2 16.911.8f 12lx.lo 3.6610.06

1p<0.05 vs. all other groups. WBC=White blood cell count.

Rectal temperatu re (T able 4.2)

Rectal temPerature was elevated in IL-l infused animals compared with all other animals

while the rectal temperature was nonnal in the pair-fed animals and the peripheral IL-l
animals.



I

Acute phase indicators (Table4.2'l

Whiteblood cell count was elevated in the peripheral IL-l animals while it was normal in

the central IL-l and parr-fed animals. This was as a result of a doubling of the lymphocyte

count and a quadrupling of the neutrophil count'

Although no statistically significant differences in serum iron or albumin were observed

there was a trend towards a decrease in serum iron and albumin in the peripheral tL-l

animals and a trend toward a decrease in albumin in the central IL- 1 animals.

Circulating IL'f concentrations

Plasma human IL-l was assayed on 3 each of the central IL-l and peripheral IL-l animals

by ELISA. IL- I was below detectable limits of the assay for both groups (<l0opg/ml)'

DISCUSSION

This study demonstrates that chronic central IL-l administration produces a hypercatabolic

rat model with accelerated nitrogen loss occurring in excess of that associated with

coexisting anorexia This is associated with pyrexia and loss of body weight'

It is well established that IL-l causes anorexia25'160 and it is probable that CRH is

involved as central administration of CRH decreases food intake, and IL-1 is known to

activate the HpA through gp11.71,76,161 Blockade of CRH in animals ameliorates the

anorectic effects of IL-1.117 CRH also seems to be involved in the pyrexia caused by IL-

1.r00,158,162,163 IL-1 will produce fever whether it is administered peripherally or

centrally. However the effect of IL-1 on body lemperature is greater when this cytokine is

injected centrally than that seen with peripheral administration.l64' l6s

This study has shown very low doses of IL-1 (possibly physiological) are able to produce

pyrexia for up to 7 days. As temperature was only measured at harvest it is likely that

higher temperatures would have been noted if measured earlier in the study as the other

metabolic effects of central IL-l appeared to be attenuated after3 days'

Peripheral, but not central, administration of IL-1 caused leucocytosis. Previous studies

have shown that central IL-1 will produce an elevation in white count, a decrease in serum

iron and cause 1"u"r.166,167 These studies used large amounts of crude preparations of IL-

1, which may have leaked into the systemic circulation (in fact this was the explanation
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ventured for these findings), and may well have contained other cytokines' It is also

possible that a number of other factors are operative in the chronic central IL-l infusion

model which act to dampen any effects that central IL-l might have on these indicators'

such as elaboration of glucocorticoids, Il-lra, or other cytokines.

This study has shown that chronic central administration of IL-l produces a catabolic rat

model possessing many of the features of chronic catabolic states. The anorexia caused by

IL-1 does not fully explain the loss of nitrogen observed in this model and it is possible that

this hypercatabolism is caused by activation of the HPA and production of the other

counter-regulatory hormones. Previous work has shown that infusions of glucagon'

catecholamines, and cortisol in human volunteers will produce loss of nitrogen'e If this is

coupled with somatostatin, which decreases insulin, the loss of nitrogen becomes much

more pronounced.lo If central IL-l can activate the HPA and the other counter-regulatory

hormones chronically then it is likely that this is at least part of the mechanism by which IL-

I causes loss of body nitrogen. However, peripheral administration of IL-l does not

appear to act via the HPA to cause protein breakdown raising the possibility that other

mechanisms are operati ve.21,rzs Given that infusions of glucocorticoids will produce

muscle catabolism,5T it is possible that a combination of activation of the HPA plus

anorexia and pyrexia are required to produce the observed loss of nitrogen in this model'

In conclusion centrally acting IL-l may well be the key mediator of the nitrogen loss and

pyrexia seen in chronic catabolic states. Peripheral actions of IL-l may contribute to the

other features of the post-injury metabolic state such as the acute phase phenomenon'
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Figure 4.2 Nitrogen Balance
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CHAPTER 5

INTERLEUKIN.I AND THE HYPOTHALAMIC'PITUITARY-ADRENAL

AXIS

INTRODUCTION

The two previous chapters have demonstrated that central administration of IL-l creates a

catabolic rat model. The protein catabolism produced by the central IL-l is not fully

explained by the anorexia induced by the central IL-l infusion' This is an important

characteristic of the post-injury metabolic response. It is well known that glucocorticoids

play an important role in this response with elevated levels of cortisol often extending well

intotheflowphaseofinjury.l68Theinitialstimulusforglucocorticoidproductionismost

likely neural afferent signals but later cytokines, either released from the wound' or

produced in the brain as discussed above, almost certainly play a role in activating the HPA

which then contributes to protein catabolism. central infusions of IL-l have been

demonstrated to activate the HPA and it is now generally accepted that this effect is

mediated via the central nervous system (see chapter 1). However only single injection

studies have been utilized in investigation of the role of IL-l in activating the HPA and the

response to chronic central infusion of IL-1 has not been determined'

A further key feature of the post-injury metabolic resPonse is change in insulin

concentrations. Central injection of IL-I, at least acutely' increases insulin secretion but the

role of chronic central IL- t has not been investigated .e2 lt is also well established that

insulin-induced hypoglycemia is able to activate the HPA but the role this plays' as a

mechanism by which IL-l activates the HPA, has not been investigated'l6e

To investigate the role of chronic central nervous system exposure to IL-1 on the HPA and

on the secretion of insulin we infused IL- 1 into the lateral cerebral ventricles of rats over a 3

day period.

EXPERIMENTAL PROTOCOL (Figure 5' 1)

24viral-fremale Sprague-Dawley rats were brought into the animal facility at the Brigham

and Women's hospital at least 72 hours prior to surgery' 24 hours prior to surgery rats
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were plirced in individual metabolic cages for baseline data. On the morning of the day of

surgery rats were anaesthetized and intramuscular antibiotic was injected' I-aleral

cerebroventricular cannulae were placed and these cannulae were then connected to

subcutaneously implanted mini-osmotic pumps containing IL-1 or PBS.

The rats were allocated to one of three groups preoperatively. The first group received an

IL-l infusi on (?Aonghday, n=8) for 3 days. Two further groups received central PBS and

were fed chow ad lib (control, n=8) or were pair-fed with the IL-l rats (Pair-fed, n=8)'

During the three day infusion chow intake was measured but the rats were other-wise left

undisturbed to minimize handling. The time-point of three days for the length of the

infusion was chosen in order to study the effects before attenuation occurred' No recovery

period after surgery until delivery of the cytokine was used as it had been noted in the

previous studies that recovery from cerebroventricular cannulation was rapid (see chapter

4).

Figure 5.1 ExPerimental Protocol

Dry 4

Harvest
Rats placed
in metabolic
cages for
baseline data

cetebroventricular
cannulation
im antibiotics

IL-l or PBS

After 3 days of infusion, within 3 hours of lights-on, the rats were killed by decapitation

and trunk blood was collected for ACTH, corticosterone, and glucose and insulin' The

position of the cerebroventricular cannula was checked by injection of dye'

The thymus and left adrenal gland were removed and weighed and corrected for post-

mortem weight (PMWeight).
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RESULTS

of the 24 rafsentered into the protocol I pair-fed control rat was excluded because the

cerebroventricular cannulae was not in place at post-mortem. Thus its IL-l infused-patr was

excluded also. This leftT rats in the central IL-l group, T in the pair-fed control group, and

8 in the control grouP.

Body weight (Figure 5.2)

All groups had similar body weights preoperatively. Control animals gained 14 grams

body weight while pair-fed animals lost 54 grams. The animals receiving IL-1 lost 20

grams more body weight than their pair-fed controls'

Chow intake

Control animals ate 65 grams of chow over the three days as compared with 7 grams for

IL-1-infused animals.

Hypothalamic'pituitary'adrenal axis (Figure 5'3 and 5'4)

There was adrenocortical activation in the IL-1 animals as manifest by increased adrenal

weights, decreased thymic weights, and elevated corticosterone levels as compared with

pair-fed animals and controls.lTo Although there w:rs a trend toward an increase in ACTH

in the IL-l infused animals and a trend toward an increase in corticosterone in the pair-fed

animals (p=0.0S+ vs. Controls) these were not statistically significantly different from

controls. Linear regression analysis did not show a significant correlation between ACTH

and corticosterone for any of the groups'

Glucose/Insulin (Table 5. 1)

Chronic central infusion of IL-1 resulted in a SOVo decrease in insulin compared with

controls. An identical decrease was seen in the pair-fed group suggesting that the decrease

in insulin was predominantly due to the anorexia induced by the cytokine' Glucose levels

in the pair-fed animals were lower than those in conffols and comparable to those in the IL-

1 infused animals.
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Tabte 5.1 Total Chow, Glucose, and Insulin

* p<0.05 vs. control

DISCUSSION

The difference in body weight between IL-l and pair-fed animals confirms that the catabolic

effect of IL- 1 is in excess of the anorexia induced by the cytokine, as observed in chapler 4'

This study is consistent with the hypothesis that this additional factor may be concomitant

adrenocortical activation and a decrease in insulin'

Acute injection of IL-1 activates the FIpA and it is now well established that this is centrally

mediated.Tl ,73,76,171 go*"uer, all previous studies looking at the activation of the HPA

by central IL-l have been acute studies. This study demonstrates that chronic central

administration of IL-1 produces adrenocortical activation' Chronic elevation of

glucocorticoids produces a catablic rat model and thus central IL-1 infusion may act via

glucocorticoids to mediate protei n catabol ism' 1 1 8

Although corticosterone levels were elevated this was not associated with increased ACTH

levels as might be expected if IL-l were acting centrally. This is most likely explained by

negative feedback inhibition by corticosterone at the level of either the hypothalamus or the

pituitary. The adrenal gland maintains its ability to respond to these lower levels of ACTH

due to its plasticity in chronic stress although the mechanisms for this are unclear'172

Insulin is well known as an anabolic hormone and its deficiency, associated with elevations

in counter-regulatory hormones, is able to produce a catabolic state in humans'10 Previous

studies injected IL-l into the central nervous system acutely and insulin increased'8e

However in this study insulin decreased. This appears to be largely explained by anorexia

Group Total Chow Intake

(grams)

Glucose

(mg/dl)

Insulin

(rulml)

Control 65+1 l6t2 50.6+3.6

r3316. 24.2*8.5'
IL-1 7+4x

Pair-fed 7t4* r244' 24.2+13.1*
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as pair-fed animals had similar decreases in insulin' A likely explanation for the

discrepancy between the chronic and acute studies is that with the development of anorexia

insulin levels fall, from an initial rise (not detected as sampling was only performed at three

days), as an adaptive mechanism. To further analyze the relationship between IL-1'

insulin, and glucose would require a glucose clamp study'

This study also demonstrates that IL-l does not act via sustained hypoglycemia to cause

adrenocortical activation as pair-fed animals had lower glucose levels than controls' and

similar to IL-l infused animals, and they did not show evidence of significant

adrenocortical acti vation.

This study supports an important role for IL-l in chronic adrenocortical activation (and

probably HPA activation as discussed) and anorexia after trauma and this may play a role in

the loss of body protein seen in injury states. Adrenocortical activation was not explained

by insulin-induced hypoglycemia nor by alterations in nutrient intake' Activation of the

HPA, and decreases in insulin, may mediate the effects of central IL-l on protein

catabolism.
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Figure 5.3 Organ \ileights
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Figure 5.4 Hormone levels
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CHAPTER

THE ROLE OF GLUCOCORTICOIDS IN

INITIATED BY CENTRAL

6

THB METABOLIC RESPONSES

INTERLEUKIN.I

INTRODUCTION

In chapters 4 and 5 it was demonstrated that chronic central administration of IL-1 produces

catabolism in the rat and ttris catabolism was not fully explained by the anorexia induced by

the cytokine. In chapter 5 chronic central administration of IL-l was shown to stimulate

adrenocortical activation and, as it is well known that chronic elevation of glucocorticoids

causes wasting of body protein,s7,l?3 i1 *u, hypothesized the wasting of body protein

associated with chronic central IL-l administration was, at least in part' due to

adrenocortical acti vation.

To investigate this hypothesis chronic central IL-1 infusions were administered to rats in

which corticosterone levels were controlled by adrenalectomy and corticosterone

replacement: sham adrenalectomized rats were used as controls.

EXPERIMENTAL PROTOCOL (Figure 6'l)

2g viral-free male Sprague-Dawley rats were brought into the animal facility at the Brigham

and women's hospital at least 72 hours prior to surgery. 24 hours prior to surgery rats

were placed in individual metabolic cages for baseline data' On the day of surgery rats

were anaesthetized and intramuscular antibiotic was injected. Cerebroventricular cannulae

were then placed and these cannulae were connected to subcutaneously implanted

miniosmotic pumps containing lL-l (Ianglday) or PBS. Rat were then adrenalectomized

(ADX), with replacement of corticosterone by means of a357o subcutaneous pellet' or

sham adrenalectomized (Sham), where the peritoneum was opened but the adrenal glands

were not removed. Postoperatively Sham rats were given rat chow and water ad lib while

the adrenalectomized rats were given rat chow andO.9%o saline ad lib'

Rats were allocated to one of four groups preoPeratively:

1. Sham adrenalectomy + central PBS: Sham/Saline (n=D

2. Sham adrenalectomy + central IL-1: Sham/IL-1 (n4)
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3. Adrenalectomy + central PBS: ADXSaline (n=6)

4. Adrenalectomy + central IL-1: ADX/IL-1 (n=9)

Infusions lasted three days and during this time chow intake, water-balance, nitrogen-

balance, and rectal temperature were measured each morning'

Figure 6.1. Experimental Protocol

Rats placed
in metabolic
cages for
baseline data

cenebroventricular
cannulation
adrrcnalectomY/sham
im antibiotics

Nitrogen balance
Watcr balance
Chow intake
Body weight
Rectal

Harryest
TBN
TBW

IL-l or PBS

After 3 days of infusion, within 3 hours of lights-on, the rats were killed by decapitation

and blood was collected for ACTH and corticosterone, iron, albumin, and complete blood

count. The thymus and left adrenal gland (in Shams) were removed and weighed' carcass

water (TBW) and carcass nitrogen (TBN) were determined on the shaven-decapitated

carcass.

RESULTS

of the 28 rats entered into the protocol 3 rats died perioperatively due to anaesthetic

overdose. This left 5 in the Sham/Saline group, 5 in the ADX/Saline group, 8 in the

Sham/IL-l group, and'l in the AD)UIL-I group'

Nitrogen metabolism (Figure 6.2 andTable 6'l)

Nitrogen balance never became negative in the Sham/Saline and ADX/Saline animals but

was negative in the sham/Il-1 and ADX/IL-1 animals from day 1 post-surgery' There was

no difference, at any time-point, in nitrogen balance between ADX and Shams' Cumulative

nitrogen balance was similar between Sham/saline and ADX/Saline and benveen Sham/IL-
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animals had a lower cafcass nitrogen at harvest than all other

Table 6.1 BodY ComPosition

Groups without a matching letter are significantly different. TBN=Carcass nitrogen'

TBW=Carcass water, Cumulative N. Bal.=Cumulative nitrogen balance'

Chow intake (Figure 6.3)

sham/saline and ADX/Saline animals consumed similar amounts of chow, approximately

6O grams, while both Sham/IL-l and AD)OIL-I animals were anorexic eating 13 and 8

grams of chow, respectively, over the three day period. At no point in time was chow

intake significantly different between sham/ll-l and AD)UIL-1 animals' however'

Body weight (Figure 6.4)

Both the saline infused groups of animals had slight gains in body-weight while both the

IL-1 infused groupslost over 20vo of their body weight. There was no difference between

ADX and Shams.

Hypothalamic -pituitary' adrenal axis (Fi gure 6'5, T able 6'2)

There was evidence of adrenocortical activation in the Sham/IL-1 grouP with decreased

thymic weights, increased adrenal weights, and elevated corticosterone levels' Thymic

weights in ADX animals were not significantly different to Sham/saline' ACTH was

significantly elevated in both ADX/IL-1 and Sham/IL-1 rats' However there were no

Cumulative N.

Bal. (mg)

7.32ttO.28a

AD)0Saline

-7M!.lzlb
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significant differences in AGTH between either ADX/IL-I and sham/Il-l or AD)USaline

and Sham/Saline.

Table 6.2 Organ Weights

Groups without a matching letter are significantly different' PMWeight=Postmortem

weight. Adrenal and thymus weights are corrected for postmortem weight'

Rectal temperature (Figure 6.6)

The rectal temperature stayed at baseline in the saline infused animals' Rectal temperature

rose sharply in the IL-l infused animals at 24 hours post-surgery but fell to baseline in the

AD)OIL- I animals at 48 hours while remaining eleva0ed in the sham/Il-- 1 animals'

Body water (Table6.l)

TBW was similar in all groups at harvest'

Acute phase indicators (Table 6.3)

Due to clotting of samples no white blood cell counts could be obtained for the Sham/Saline

group. There were no differences between the white cell counts for any of the other

groups. Serum albumin was not significantly different between groups' Serum iron was

not significantly different from Sham/Saline in any group' However, there was a

significant decrease in serum iron in AD)OIL-I animals as compared with the Sham/IL-l

animals.

Thymic Weight

mg/sram PMW

Adrenal Weight

7stltb
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Table 6.3 Acute Phase Indicators

DISCUSSION

Adrenalectomizing rats and providing them with adequate corticosterone replacement had

no discernible adverse metabolic effect with body weight, nitrogen balance, body

temperature, thymic weight, ACTH, and corticosterone and chow intake being similar in

ADX/Saline and Sham/Saline animals.

central administration of IL-l to intact rats produced loss of body weight, anorexia,

pyrexia, adrenocortical activation, and significant losses in total body nitrogen' Central

administrationof IL-l toadrenalectomizedrats resulted in similar losses of body weight

and a similar degree of anorexia to that seen in intact animals. However body temperature

was elevated for only 24 hours and serum iron fell'

The fundamental aim of this study was to examine the role of glucocorticoids in mediating

the loss of protein seen with chronic central infusions of IL-l. From the data presented in

this study it appears that the role of glucocorticoids in the protein loss associated with

central IL-l is negligible and that tl--l must be acting via other mechanisms' It could be

argued that attenuation of loss of body nitrogen was masked by two factors'

First, it is possible that the replacement dose of corticosterone was slightly too high thus

producing a mild catabolic effect. However, thymic weights were similar between

ADX/Saline, ADX/IL-I, and Sham/Saline groups and ACTH was similar in both IL-l

infused grouPs thus indicating that this replacement dose of corticosterone was not

excessive.lTo It is also possible that the slight excess of chow eaten by the Sham/IL-l

162.O+19.2

I9l.l+24.6AD)0Saline

5.83x.1.23

* p<0.05 vs. Sham/ll--1. WBC=White blood cell count'
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group compared with the AD)UIL-l group masked an attenuating effect of adrenalectomy

on nitrogen loss. However, any differences in cumulative chow intake were not

statistically different and on a day to day basis only very slight differences were observed'

making it unlikely that this factor played an important role.

The apparent discrepancy between the TBN and the nitrogen balance data most likely

represents elTors in the measurement of TBN, preoperative differences in TBN benveen

groups, differences in gastrointestinal contents, and variations in the amount of blood

removed at sacrifice. Thus it seems unlikely that glucocorticoids play a significant role in

the protein catabolism associated with central infusion of IL-1. Peripheral IL-1 also acts

independently of glucocorticoids, to produce protein catabolism,2l'r2e but the mechanism

for this has not yet been elucidated.

This leaves the question as to how central IL-l mediates protein catabolism' Kehlet has

shown that, in elective surgical patients, epidural anaesthesia attenuates urinary nitrogen

excretion.lTa The explanation for this finding has traditionally been that the epidural

anaesthetic blocked neural afferent activity, obliterating the early hormonal response to

surgery, and thus leading to a decrease in protein catabolism' This has not been proven and

an equally valid explanation, given the cogent arguments of Cuthbertson against an

important role for the endocrine response in the protein catabolism of injuryl2, is that the

epidural anaesthetic blocked neural efferent activity, this being the mechanism by which the

CNS produced protein breakdown. If this is indeed the case, efferent neural activity may

the mechanism by which central infusions of IL-l produce protein catabolism' It is also

possible that central IL-1 may stimulate the production of other mediators, not affected by

adrenalectomY.

As a triple hormone infusion produces more net protein catabolism than infusion of the

individual hormones, it is also possible that the other counter-regulatory hormones need to

be blocked to see a full attenuation of nitrogen loss with a central IL-l infusion' This is

unlikely as the source of both glucocorticoids and adrenaline was removed at

adrenalectomy. However, glucagon was not blocked and may play an important role' The

role of the decrease in insulin, noted in chapter 5 may also be important as a triple hormone
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infusion associated with a decrease in insulin produces more protein breakdown than that

produced by a triple hormone infusion alone'l0

The attenuation of the effect of IL- l on pyrexia by adrenalectomy is probably explained by

the role of catecholamines in thermogenesis in rats.e8'163 Removal of the adrenal medulla

at adrenalectomy removed a substantial proportion of rat catecholamine output thus leading

to a decreased ability to produce a fever in response to central IL-1'

Modification of the normal rise in glucocorticoids seen with central infusion of IL-1 may

also explain the failure of dampening of the normal serum iron response to IL-1 seen with a

chronic central infusion of IL-1. As mentioned in earlier chapters acute central injection of

IL-l produces a decrease in serum iron but this does not occur in this chronic central

infusion lno4"1.16s,167,11s The reason for these differences may be due to adrenocortical

activation which normally derreases the production of the factors which may act to decrease

serum iron outside the blood-brain barrier, such as IL-6, known to be elevated by cennal

IL-l injection.lol,176 With modification of the rise in glucocorticoids seen with IL-l

infusion these mediators are able to operate unchecked thus leading to an exaggerated

decrease in iron and possible other acute pha.se reactants.

The increased ACTH resPonse in the Sham/IL-l rats compared with that seen in the study

in chapter 5 was unexpected. The likely explanation for this was probably a potentiation of

the effect of IL-l caused by the additional stress of the larger operation and extra handling

for weighing and measurement of rectal temperature. chronic stress has been shown to

have this effect.68, 117 Therise in ACTH in the ADX/IL-I animals is due to the increased

sensitivity of the HPA in adrenalectomized *1t4t'lao' 178

In summary, the work described in this chapter shows that sustained elevation of

glucocorticoids is unable to account for the accelerated protein loss observed in this chronic

central IL-1 infusion model.
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Figure 6.5 Hormone Levels
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CHAPTER 7

EFFECTS OF VARYING THE INTERLEUKIN'I SIGNAL ON THE HOST

RESPONSE

INTRODUCTION

Injury is associated with an increasing array of metabolic effects with the earliest and most

sensitive changes being decreases in iron and zinc concentrations and leucocytosis' seen

even in mild injury. with greater injury, activation of the HPA and mobilization of body

protein are observe4.lTe 16ur, if IL-1 is involved in injury states it would be expected that

as the signal increased so would the metabolic effects' To a large extent this is true as

chronic subcutaneous infusion of IL-l produces anorexia and weight 1ott2a'25 while short

term high dose infusions produce a shock-like state.l8o However, the effects of chronic

infusions of IL-1 on protein metabolism, pyrexia, and acute phase indicators have not been

investigated.

To investigate the effect of incremental increases in the dose of IL-l on total body metabolic

responses, increasing doses of IL-1 were infused subcutaneously into rats'

EXPERIMENTAL PROTOCOL (Figure 7' 1)

3lratswere entered into the protocol. As in previous protocols animals were brought into

the animal facility at Brigham and women's Hospital at least 72 hours prior to surgery' 24

hours prior to surgery animals were placed in metabolic czrges for base-line datacollection'

on the day of surgery animals were anaesthetized and intramuscular antibiotic was injected'

one centimete incisions were made in the interscapular skin, subcutaneous miniosmotic

pumps, containing IL-1 or PBS, were inserted, and the skin was then closed with sutures'

Postoperatively animals were allowed rat chow and fresh water ad lib'

Rats were allocated to one of four groups preoperatively' The first group received a

subcutaneous infusion of PBS (Control, n=10). The other 3 groups received infusions of

increasing concentrations of subcutaneous IL-1: l.ow-dose (O.2'yglday, n:l), Medium-

dose (1.25p glday,n=7), or High-dose (2'Syglday, n=8)'
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The subcutaneous infusions lasted 6 days and during this time rectal temperature was

measured each morning, and nitrogen balance and chow intake were measured daily' on

the 7th day, within 3 hours of lights-on, animals were killed by decapitation and trunk

blood was collected for iron, albumin, and complete blood count' The carcasses were then

processed and analysed for nitrogen and water content as described in chapter 2'

Figure 7.1 ExPerimental Protocol

Rats placed
in metabolic
cages for
baseline data

subcutaneous PumP
insertion
im antibiotics

Nitrogen balance
Chow intake
Body weight
Rectal temPerature

Hamest
TBN
TBW

IL-l or PBS

RESULTS

2 animals (1 control, I high-dose) appeared to contract a diarrhoeal illness' These two

animals were statistical oufliers for weight loss and so were excluded from further analysis'

This leftg animals in the control group, 7 animals in the low-dose group' 7 animals in the

medium-dose group, andT in the high-dose group'

Increasing doses of IL-l lead to increasing metabolic effects with low doses of IL-l

producing a leucocytosis, pyrexia, and decreases in serum iron and albumin concentration'

The high dose lead to these effects plus anorexia, loss of weight, and net protein

catabolism.

Nitrogen metabolism (Figure 7'2,Table7'l)

with increasing dose of IL-1 there was a progressive (but statistically insignificant)

decrease in carcass nitrogen. Nitrogen balance was significantly decreased by the two

lower doses of IL-1, for two days after surgery, but was never negative' The highest dose
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of IL- 1 produced net negative nitrogen loss for the three days after surgery' This resulted

in a lower cumulative nitrogen balance in these animals than in all other groups'

Table 7.1 Cumulative Chow Intake, Body Composition, and Nitrogen Balance

Chow intake (Figure 7.3)

Control animals ate an average of 130 grams of chow over the 6 day perid' IL-l' at all

three doses, produced anorexia for a varying duration of time after surgery' The duration

of anorexia was dose-related with the lowest dose of IL-l producing anorexia for 1 day

while the highest dose produced anorexia for 3 days' However, the two lower doses of IL-

I failed to have a significant effect on total chow intake while the high dose of IL-l

produced significant anorexia with animals eating only an average of 91 grams of chow

(Table 7.1).

Body weight (Figure 7.4)

control animals gained 16 grams of weight and the animals receiving the lower two IL-l

doses gained similar amounts of weight. The highest dose of IL-l lead to consis0ent weight

loss for the first two days after surgery and then these animals gained weight at a constant

rate, similar to that of controls, losing a total of 11 grams over the 6 days. At no point did

these animals achieve the same weight as controls'

Group Cumulative

Chow

Intake

(grams)

Weight

Change

(grams)

TBW

(vo)

Cumulative

Nitrogen

Balance

(me)

TBN

(grams)

Control I3Or.7 +16+7 70.8+0.5 I97l+135 8.22+0.25

7I.3tO.7 1565t237 7.56+O.52
[,ow rn$ +16t5

Medium 123t5 +2I+4 72.5tO.5 745r.1O3 7.62+0.34

High 91+8* I l+8x 72.8tO.9 852x,149x 7.24rO.27

x p<0.05 vs. all other groups. TBW=Carcass water, TBN=Carcass nitrogen.
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Body water (Table7.l)

Although differences in TBW were not statistically significant there was weak correlation

between TBW and increasing doses of IL-l (r=0'38' P<0'04)'

Rectal temPerature (Figure 7.5)

There was a small, but insignificant, rise in temperature in the control animals in the 24

hours following surgery. Animals were very sensitive to the pyrogenic effects of even the

lowest dose of IL-1. The duration of the pyrexia was dose-related with animals receiving

the lowest dose of IL-1 returning to control temperatures by day 2 while it was not until day

3 that animals receiving the highestdose of IL-1 returned to control levels'

Table 7.2 Acute Phase Indicators

Acute phase indicators (Table7.2)

a. white-blood cell count: This showed an all-or-nothing response with the lowest dose of

IL-1 causing a rise in white count similar to that of the highest dose'

b. Iron: The response of serum iron to IL-l was an all-or-nothing phenomenon with the

lowest dose of IL-1 causing a significant decrease compared to controls and there being no

further decrease with increasing doses of IL-1'

c. Albumin: Decreases in serum albumin showed a dose-response with albumin falling in

proportion to increasing doses of IL-l (t=O'76, P4'001)'

Group wBc

Qotlpr)

Iron

tueldr\

Albumin

(e/dt)

Control 8.4t0.6 179.6+.19.2 3.72+,O.O7

Low 15.8+1.3* 116.0+7.8x 3.42+O.O4x

Medium 15.9+1.5x 134.3*2O.1 3.35t0.06*

3.13t0.077Hieh 18.9t1.8x 108.1t18.7x

xpcO.OS vs. control, tpO.OS vs. all other groups. WBC=White blood cell count
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DISCUSSION

These data show that the metabolic effects of increasing doses of subcutaneously infused

IL-l mimic the effects of increasing injury with low doses producing a mild acut€ phase

response as demonstrated by changes in white blood cell count and decreases in serum iron

and albumin concentration whereas with the highest dose, as with more severe injury'

nitrogen loss was pronounced for 3 days and anorexia, loss of weight' and prolonged

pyrexia were observed.

Decreases in serum iron and increases in circulating leucocytes are common features

observed in even mild inflammatory states and are thought to be directly mediated by IL-l'

IL-l acts directly on the bone marrow to produce leucocytosislsl and, unlike many other

responses, tolerance does not develop to repeated injections of IL-1' The decrease in serum

iron is brought about by a direct action of IL-1 on neutrophils which produce lactoferrin' in

an iron-free form.r32 The lactoferrin then removes iron from transferrin and the resulting

complex is rapidly removed from the circulation by monocyte/macrophages' That these

two systems are very sensitive to IL-l is shown by the fact that even the lowest dose of IL-

I was able to cause a leucocytosis and a decrease in serum iron.

Direct effects of IL-l on thermogenesis, mediated outside the blood-brain barrier' are

suggested by this study. Although fever is traditionally thought to be mediated by the

brain,182 thermogenesis may be mediated peripherally, thus explaining studies which have

shown pattern differences in fevers produced by IL-l when injected by different

routes.183,184 Work from Dr. Coceani's laboratory has suggested that peripherally

produced IL-l acts by mechanisms outside the blood-brain barrier.l8s 1n cats he injected

central endotoxin and rises in body temperature and brain prostaglandins were observed'

This effect was blocked by the central administration of IL-lra' He then injected endotoxin

peripherally and ll--lra centrally and in this situation rises in body temperature and brain

prostaglandins were still observed. He interpreted these results as showing that IL-l acts

outside the blood-brain-barrier to cause fever. However, it is also possible that different

cytokines are involved inside and outside the blood-brain-barrier'
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Although statistically significant changes were not seen in TBW in this study there was a

significant relationship between dose of IL-1 and TBW' In chapter 4 it was shown that

starvation (the pair-fed group) increases TBW and this is almost certainly the explanation

for any changes in TBW seen in this study'

Direct tissue effecc on proteolysis are not supported by this study as only with the highest

doses of IL-l did nitrogen loss occur. As shown in chapter 4 IL-l appears to act centrally

to mediate protein catabolism although the mechanisms have not been clearly elucidated'

This study does not exclude direct actions by IL-1 on skeletal muscle to produce proteolysis

although this has been addressed extensively in the literature and it seems unlikely that this

is the case (see introduction).

Anorexia is probably mediated centrally (see introduction) and therefore it is likely that

increasing the dose of IL-1 further would have produced more profound anorexia than seen

here, the degree of anorexia probably being limited by the amount of IL-l reaching the

central feeding centres from the peripheral infusion site. other metabolic effects' such as

changes in iron, albumin, acute phase proteins and white cell count' appear to be direct

effects of IL-l, either produced in the individual tissues or acting as a hormone, having

been released into the circulation after production by wound or tissue macrophages'

As with increasing severity of injury the effect of varying the IL-l signal is a gradation of

response with changes in serum iron and albumin and a leucocytosis being the earliest and

most sensitive indicators of IL-l activity. With increasing doses of peripherally infused IL-

1 more IL-l is able to cross the blood-brain-barrier to have central effects. These data are

consistent with the hypothesis that the metabolic effecb seen with the lowest doses of IL-1

are peripherally mediated and the effects seen with the highest doses of IL-l are cenfrally

mediated. In Chapter 8 an attempt is made to test this hypothesis by infusing peripheral IL-

I and blocking its central effects with centrally infused IL-1 receptor antagonist'
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Figure 7.2 Nitrogen Balance
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Figure 7.3 Chow Intake
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Figure 7.4 BodY lVeight
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Figure 7.5 Rectal TemPerature
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CHAPTER E

DIFFERENTIATION BETWEEN THE CENTRAL AND PERIPHERAL

METABOLIC EFFECTS OF INTERLEUKIN.I

INTRODUCTION

There is continuing debate in the literature regarding the site of action of IL-l in mediating

metabolic effects. It is generally accepted that activation of the HPA is a centrally mediated

phenomenon but the site of action of IL-l in mediating protein catabolism, the hepatic

acute-phase protein response, anorexia, and pyrexia remain unresolved. Evidence

presented in earlier chapters suggested that anorexia, nitrogen loss, and activation of the

HPA are centrally mediated. In chapter 7 it was shown that the effect of infusion of

increasing doses of peripheral IL-1 varies, with pyrexia and acute phase indicators being

extremely sensitive, suggesting a direct peripheral mechanism, and anorexia, weight loss,

and nitrogen loss being relatively insensitive, suggesting an indirect, central, mechanism.

To test this hypothesis an attempt was made to differentiate central and peripheral effects of

IL-l by comparing central and peripheral infusions of IL-1 and by blocking central effects

of IL-l during peripheral IL-l infusions, using centrally infused Il--lra.

EXPERIMENTAL PROTOCoL (Figure 8.1)

As in previous protocols rats were housed in the hospital for at least 72 hours prior to

surgery. 24 hours prior to surgery rats were placed in individual metabolic cages for base-

line data collection. On the day of surgery rats were anaesthetized and intramuscular

antibiotic was injected. All rats had cerebroventricular cannulae placed, attached to

subcutaneously ir4planted miniosmotic pumps, delivering IL-1, IL-lra, or PBS. In

addition, all animals had subcutaneous pumps placed which delivered cytokine, or PBS,

into the subcutaneous tissues. Cerebroventricular cannulae were placed in an additional

control group and these were then obliterated with dental cement. Two subcutaneous

pumps were then placed, one containing IL-lra and one containing IL-I. Experimental

groups are described in Table 8.1. All infusions ran for 6 days and during this time

nitrogen balance, chow intake, body weight, and rectal temperature were measured. On the
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lth day,within 3 hours of lights-on, animals were killed by decapitation and blood was

collected for complete blood count, iron, and albumin'

Figure t.l ExPerimental Protocol

Rats placed
in metabolic
cages for
baseline data

cerebroventricular
cannulation
subcutaneous PumP
insertion
im antibiotics

Nitrogen balance
Chow intake
Body weigltt
Rectal
tcmperature

Harvest
TBN
TBW

sc, central infusions

Table E.1 ExPerimental GrouPs.

All groups are named according to the following fotm"la: A/B' A refers to the central infusion and B refers

to the peripheral infusion. Thus, sal./Il-l means that the nnimals received 6 day infusions of central saline

and peripheral IL- I . Due to the small number of animals in the -/RA,IL- l group these were not included in

statistical analyses, but are inctuded in tables for comparison'

IL-lra,IL-l
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RESULTS

Of the 33 animals entered inlo the study, 4were excluded. 2 animals died from anaesthetic

related causes (1 Sal/Sal, I RA/IL-l). 1 Sal/Sal animal was excluded because he spilled his

chow every evening and thus was unable to complete the protocol. 1 RA/Sal animal was

excluded because the cerebrovenficular cannula was not in place at post-mortem.

Central and peripheral infusions of IL-1 produced different effects. Pat0erns of pyrexia and

ability to produce alterations in acute phase indicators were different between the two

groups. However, effects on protein metabolism and anorexia were similar. Central

infusion of IL-lra, in association with peripheral infusion of IL-l, blocked loss of nitrogen

and weight, and anorexia. IL-lra failed to block leucocytosis or pyrexia however.

Nitrogen metabolism (Table 8.2, Figure 8.2)

Infusion of IL-1 either peripherally or centrally resulted in negative nitrogen balance and a

decrease in TBN while Sal/Sal animals gained nitrogen and were never in negative nitrogen

balance. Nitrogen balance, in the two IL-l infused groups, was negative for 3 days and

then became attenuated, as noted in chapters 4and'l. Infusion of Il-lra centrally or

peripherally, in association with peripheral IL-1, blocked nitrogen loss.

Chow intake (Table 8.2)

Sal/Sat animals ate atotal of 114 grams of chow while infusion of IL-l by either route

produced significant anorexia, with animals eating 70 grams or less. Infusion of IL-lra

centrally or peripherally, in association with peripheral IL-1, resulted in a normalization of

chow intake.

Body weight (Table 8.2)

While Sal/Sal animals gained small amounts of weight, both groups of IL-l infused

animals lost substantial amounts of weight, losing over 30 gr:rms. There was a trend

towards central IL-l producing greater weight loss than peripheral IL-1 but this was not

statistically significant. Infusion of IL-lra centrally or peripherally, in association with

peripheral IL-1, prevented weight loss.

Body water (Table 8.2)

There were no statistically significant differences inTBW in this study.
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Table 8.2 Cumulative Chow Intake, Body composition, and Nitrogen Balance

*p<0.05 vs. Sal/Sal, tp<0.05 vs. RA/IL-1. TBW=Carcass water' TBN=Carcass

nitrogen.

Rectal temPerature (Figure 8.3)

Rectal temperature never rose above baseline in sal/Sal animals' Rectal temperature rose

sharply to 39.40C in the peripherally infused IL-l group but fell to control levels by day 4'

While not rising to the same extent in the centrally infused IL-1 animals rectal temperature

remained elevated throughout the entire study. Infusion of IL-lra centrally or peripherally'

in association with peripheral IL-l, resulted in a decrease in the peak temperature atained

compared with penpheral IL-l infusion alone, and a decrease in the duration of pyrexia'

Acute phase indicators (Table 8'3)

Peripheral IL-l produced a leucocytosis, and a decrease in serum iron concentration'

Central infusion of IL-l had no effect on these pafttmeters' Central and peripheral Il-lra'

in association with peripheral infusion of IL-I, attenuated the effect of IL-l on iron

concentration. Central ll-lra failed to block the effect of IL-l on leucocytosis while

peripheral IL- lra decreased the white blood cell count, but not completely'

Uiiifii^ lV l,?,tuekland Librarv;;: i;$Uf.*j i-lSnARy
_i : 

,: tcL oF Ueolclivr
$ i\n K irrcAfr, au s,.iirjii

Group Cumulative

Chow

Intake

(grams)

Weight

Change

(grams)

TBW

(vo)

Cumulative

Nitrogen

Balance

(grams)

TBN

(grams)

Sal/Sal 114+10 +4t8 7l.LtO.3 1913+2Ol 7.36+0.29

Sal/IL-1 70+10*t -30+2x 72.9tO.8 l63xl23xI 6.33t0.12*t

RA/Sal 103tl l 1Ot13 71.4tO.4 1581+354 7.48+0.28

RA/IL-1 101t8 6+6 73.0t0.5 1325+:212 7.6OtO.28

IL-1/Sd 69t8x -45111*t 72.8+O.7 74+.267*I 6.25*O33xI

-/RA,IL-1 116 5 70.8 1309 7.4
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Table 8.3 Acute Phase Indicators

Group WBC (lD3ltrl\ Iron (rrsldl) Albumin (e/dl)

Sal/Sal 11.3r1.1 l86t2l 3.44+O.ll

Sal/ll-l 31.6t8.4x1 87+17*I 3.00+0.05

RA/Sal 15.8t3.6 278t72 3.68rO.25

RA/IL-I 24.4+2.9* 176x.33 3.0910.08

IL-1/Sal 12.7+l.l 189+39 3.20t0.15

-/RA,IL-I 17.4 r99 3.24

* p<0.05 vs. control, t pO.OS Sal/IL-l vs. IL-l/Sal. WBC=White blood cell count.

DISCUSSION

When considering the data generated by this study several points must be considered.

Firstly, central infusion of IL- lra produces similar concentrations of IL- lra in the plasma as

does peripheral infusionl3e suggesting that IL-lra is able to freely traverse the blood-brain

barrier. Thus, central infusion of Il--lra, in too high a concentration, will block central

metabolic effects of peripherally infused IL- I and also several of the peripherally mediated

metabolic effects.

Secondly, IL-1 is probably able to cross the blood-brain-barrier also and thus peripheral

infusions of IL-I have central metabolic effects.186 It is difficult, however, to distinguish

between those effects of IL-l which result from IL-l having crossed the blmd-brain-barrier

and those which are transduced by other mediators such as prostaglandins. Thirdly, IL-lra

is a competitive antagonist and it may not block the effects of IL-1 completely and it may

also take some time to do so.l87 Fourthly, the pharmacokinetics of IL-l and IL-lra inside

and outside the blood-brain-barrier have not been elucidated. It is likely that two proteins

reach steady state concpntration at different times.

The probable reason for peripheral IL-l having a larger effect in this experiment on nifogen

balance, anorexia, and body weight than in chapter 7 is the larger surgical procedure

performed, namely cerebroventricular cannulation *a tn" more extensive tissue dissection
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required for insertion of two osmotic Pumps. The effects of peripheral IL-l on nitrogen

metabolism and anorexia are most likely explained by the ability of IL- I to cross the blood

brain banier. This study does not exclude, however, that these effects are mediated outside

the blood-brain-barrier or that prostaglandins act to transduce the signal to central cenu.es'

The effects of differing the route of administration of IL-l on pyrexia, and its modification

by Il--lra, are probably the most interesting findings from this study' Peripheral infusion

of IL-1 produced a short, but intense, rise in rectal temperature' Central administration of

IL-1 also produced a significant fever but it was not as intense and it was more prolonged'

central infusion of lL-lra, in association with peripheral IL-1 infusion, resulted in a

decrease in intensity of fever and a lessening of the duration.

Bearing in mind the difficulties in interpretation of the data in this study it would appear that

IL-l acts inside and outside the blood-brain-barrier to produce pyrexia. when the central

effects of peripheral IL-1 are obliterated by central IL-1r4 the peripheral effects of IL-l are

revealed, the effect of peripheral IL-l being shortlived and intense, probably mediated by

prostaglandins or by direct effects on tissue metabolism' The relatively short duration of

the pyrexia is probably due to glucocorticoid secretion acting to decrease prostaglandin

synthesis. The effect of central IL-l is more prolonged and is probably mediated by

catecholamines (see chapter 6). Failure of peripheral Il-lra to block pyrexia until Vl hours

after surgery is probably explained by the time it takes for Il-lra to reach an effective

steady state concentration and so compete effectively at the receptor level'

The effects of different routes of administration of IL- 1 on senrm iron and white blood cell

count were also worth noting. While peripheral infusion of IL- 1 produced a leucocytosis

and a decrease in serum iron concentration, central infusion of IL-l failed to have these

effects, thus suggesting that these were peripherally mediated, as argued in chapter 7' Witlt

central infusion of IL-lra, in association with peripheral IL-1 infusion' the effect on serum

iron was completely lost while this failed to have an effect on the white blood cell count'

While this makes it likely that leucocytosis is peripherally mediated it cannot be assumed

that the same is so for decreases in serum iron concentration as in chapter 6 it was noted
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that, in an adrenalectomized rat, central IL-l infusion results in a fall in serum iron

concentration.

The conclusions that can be drawn legitimately from the data presented in this chapter are,

firstly, that leucocytosis is a peripheral effect of IL- 1. Secondly it can be concluded that IL-

1, and not impurities in the experimental solutions, are causing the observed metabolic

effects. Thirdly, these data are consistent witht the hypothesis that IL-l mediates fever

inside and outside the blood-brain-barrier.

In order to fulfill the original objectives of this study further work needs to be done using a

range of doses of IL-lra which minimize the concentrations of IL-lra in the plasma after

central infusion while still maintaining central blockade. To ensure complete blockade of

central IL-1 activity prior to infusing peripheral IL-1, cerebroventricular cannulae,

connected to ll-lra containing pumps, could be placed 2+8 hours prior to placement of

peripheral IL-1 pumps. Although this would introduce another variable it may be

preferable to the Vlhotx lag period which occurred before IL-1ra had effect as observed in

this study.
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Rectal temperature measurements are displayed in 3-D graphical form to aid clarity of presentation. The

actual data and statistical analysis are presented below the intabularform.
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Figure 8.3 Rectal Temperature

2

Day

Group Preop Dav I Dav 2 Dav 3 Dav 4 DaY 5

SaVSal 37.0r0.1 37.3r0.1 37.1r0.1 37.1r0.1 31.210.1 37.0*0.1

Sal/ILl 37.3+0.1 39.4t0.1*t 38.6+0.1' 38.1r0.2r 37.4*0.2 37.410.2

RA/Sal 37.1+0.1 37.5t0.1 37.5i0.1 37.210.1 37.3+0.1 37.0r0.1

RA/ILI 37.4t0.2 39.0*0.2* 37.9*04* 37.5i0.3 37.210.1 37.3r0.1

IL-llsal 37.4t0.2 38.5t0.2*t 38.6t0.2*t 38.410.2*t 37.7+0.2* 37.7r0.2*

-/RA,IL-I 36.7 39.6 37.3 37.3 36.9 37.5

* p.0.05 vs. Sal/Sal, f p.O.OS vs. RA/ILI. Day refers to the number of days after surgery. Temperatures

areoC.
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CHAPTER 9

SUMMARY AND DISCUSSION

SUMMARY

From the work presented in this thesis the following summary can be made:

1 . Chronic cerebroventricular infusion of IL-l produces net protein catabolism' weight

loss, pyrexia, and anorexia.

2. The catabolism of body protein associated with central infusion of IL-1 is in excess

of that due to anorexia alone.

3. Chronic central infusion of IL-l produces adrenocortical activation, but sustained

elevations in glucocorticoids do not mediate protein catabolism in this model'

4. Increasing doses of peripherally infused IL-l produces increasing metabolic effects'

5. Chronic subcutaneous infusion of IL-l produces a decrease in serum iron and

arbumin concentration and a leucocytosis and this is not seen with central infusions of IL-1'

6. Pyrexia is probably mediated inside and outside the blood-brain-barrier'

An important role for IL-1 in the central nervous system in mediating protein metabolism

associated with injury is suggested by:

l. As arguedin the Introduction to the Thesis, IL-l is found in the CNS in injury

states and the brain is able to synthesize IL-1'

2. chronic central infusion of IL-l produces net protein catabolism, not attributable to

leak of IL-1 from the CSF.

3. Blockade of prostaglandin synthesis outside the blood-brain-barrier fails to prevent

cental IL-l metabolic effects suggesting that the effects of central IL-l are not due to leak

of IL- 1 outside of the blood-brain-barrier'

4. Only higher doses of peripherally administered IL-l produce net protein catabolism'

5. Central IL-l blockade, in association with a peripheral IL-l infusion, prevents

weight loss and net protein catabolism'
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An important role for IL-l outside the blood-brain banier in the metabolic responses

associated with injury is suggested by:

1. As argued in the Introduction to this thesis, IL-l is synthesized in individual organs

outside the blood-brain-barrier, such as the liver and lung, in injury states.

2. Peripheral infusion of IL-l produces a decrease in iron and albumin, and a

leucocytosis while central IL-l fails to have the same effecl

3. Peripheral infusion of IL-l produces a different pattern of pyrexia than central

infusion of IL-1.

4. Peripheral infusion of IL-1, with central blockade of IL-1, produces a leucocytosis.
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DISCUSSION (Figure 9.1)

In the introduction to this thesis it was argued that the metabolic effects of the

proinflammatory cytokines are mediated at the level of individual tissues in a paracrine

fashion and that the traditional hormonal view of cytokine activity, where cytokines are

produced in one location and travel via the bloodstream to act in another, is largely

incorrect. The work presented lends support to this hypothesis.

In chapter 3 it was shown that a very low dose of IL-l infused into the lateral ventricle over

a period of a week induces protein catabolism whereas a similar dose of IL-6, and a lower

dose of TNF, do not have the same effect. This indicated that IL-l is a centrally acting

cytokine while IL-6, previously demonstrated by others to have direct effects on the liver,

and TNF act outside the blood-brain-barrier to produce metabolic effects.

In chapter 4 it was observed that central infusions of IL-l produce protein catabolism in

excess of that seen in starvation. As this is the situation in the flow phase of injury this

model mimics the situation observed in the post-injury phase. An attempt was then made to

understand the mechanism of this loss of body protein, based on the hypothesis that IL-l

may be acting to produce net protein catabolism via adrenocortical activation. Although IL-

I did produce adrenocortical activation it did so without having an obvious effect on protein

metabolism as shown in chapters 5 and 6.

In the final part of the thesis IL-l was infused peripherally to examine the effects of IL-l

outside the blood-brain-barrier. Increasing doses of IL-1 produced increasing metabolic

effects with those which appeared to be centrally mediated, in the first part of the thesis,

only appearing with the highest dose of IL-I, with the exception of pyrexia which appeared

to be mediated both inside and outside the blood-brain-barrier. Presumably the reason that

the highest dose of IL-l produced net protein catabolism was that this dose was sufficient

to cross the blood-brain-barrier in high enough concentrations to have central metabolic

effects. Also possible was an interaction with vascular endothelium to amplify the IL-l

signal. However, a direct effect on muscle was not excluded. Central blockade of IL-l, in

association with peripheral infusion of IL-I, tailed to differentiate between peripherally and

centrally mediated effects of IL- I clearly but central blockade of IL- I did prevent net protein
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catabolism but failed to have an effect on white blood cell count. A difference in the pattern

of pyrexia was also noted between central and peripheral infusions of IL-l.

These data allow a hypothesis to be formed regarding the role of IL-1 in the post-injury

metabolic phase. As is shown in Figure 9.1 it appears that injury acts via a mediator,

possibly complement (as mentioned in chapter l), and this then stimulates tissue production

of individual cytokines. As IL-l is found in the CNS and in a number of tissues, after

injury, and in the studies described has metabolic effects similar to those seen in injury, it

seems likely that IL-1, acting in the CNS, and in individual tissues such as the liver, plays

an important role in the post-injury metabolic derangement.

This leads to a number of different possibilities in preventing the post-injury loss of protein:

I . Prevention of tissue production of cytokines. Glucocorticoids, if administered prior

to endotoxin injection, prevent production of the proinflammatory cytokin"t.84'r88 In

controlled situations, such as elective surgery, this may be an effective strategy. However,

as long as the wound continues to stimulate the production of mediators, tissue cytokines

will continue to be produced and prolonged efforts to block their production with

glucocorticoids will result in catabolism.

2. If the mediator between the wound and the tissues is discovefed this may well be an

effective means by which protein catabolism could be ameliorated.

3. Prevention of cytokine activity. With increasing understanding of the role of

cytokines, and other mediators, efforts have been made to attenuate protein loss with the

use of anticytokine monoclonal antibodies, nonsteroidal anti-inflammatory drugs, and

glucocorticoi4r.l8e,leo Appropriate cytokine blockade has not yet been achieved despite

some mildly encouraging trials of TNF antibodies in sepsis.lel-le3 11 has been suggested

that more effective than attempts to block individual cytokines would be strategies to block

several at one time.le2 Efforts to block cytokine production in individual tissues by gene

therapy or by selectrvely targeted anticytokine antibodies may also prove efficacious.

4. Prevention of cytokine effects. Along with early investigations into the metabolic

response to injury also came attempts to modify the response, particularly the loss of
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protein. The first successful intervention was performed by Cuthbertson who utilized

pituitary extract and optimized nutrition to improve nitrogen balance after injury in

rats.le4'tss y7i11t the identification of the active agent in the pituitary extract as growth

hormone (GH), investigators began to use GH therapeutically. In 1974 it was shown that

in the catabolic phase in burn patients, associated with high caloric feedings, GH improved

nitrogen balance.le6 Since 1985, when recombinant gene technology enabled its

manufacture on a large-scale basis, interest in the use of GH a.s a protein anabolic agent, in

a variety of conditions, has increased.leT 'rea

Kinney noted in 1985 that "...the initial observations of nitrogen loss after injury were

follnwed by nearly 40 years of minimal research activity in search of a basic explanation. It

is of intcrest that the rapid increase in research activity of the past deca"de has coirrcided with

the commercial availabitity of crystalline amino acids for intravenous therapy.".ree

Although parenteral nutrition has been of inestimable benefit in the management of the

injured patient the provision of an adequate diet is unable to prevent substantial body

protein loss during severe catabolic illness. However, feeding the patient greatly attenuates

the negative nitrogen balance.20o

With the demonstration that standard parenteral nutrition was incapable of replenishing

body protein during catabolism attention turned to the role of individual nutrients and the

altered requirements that occurred following injury. Glutamine is the most abundant free

amino acid but during catabolic illness demand may exceed supply. In several studies

administration of glutamine in catabolic states has improved nitrogen balance.2ol Other

efforts at dietary manipulation, however, have been largely disappointing. Work is

progressing with the administration of the antioxidant vitamins to attenuate tissue injury,

and the use of other amino acids and fats to modify immunological responses.

5. Other strategies. The most recent development in this field has been the

introduction of laparoscopic surgery. Minimally invasive surgery has been associated with

improvements in postoperative fatigue and outcome but no change has been observed in the

early neuroendocrine response, hepatic acute phase protein production, or the IL-6

response to surgery.2o2-204 Laparoscopic surgery has taught surgeons that minimizing
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tissue damage and postoperative pain and early mobilisation are effective in aiding recovery

from surgery but only a few studies have been performed in this area and there is more

work to be done. Kehlet has pioneered the use of neural blockade to prevent afferent

information from reaching the CNS and so breaking the neurophysiological reflex arc.

This has lead to measurable improvements in nitrogen losses in elective surgical

patients.lTa Kehlet's work has also shown that a combination of epidural anaesthesia, non-

s0eroidal anti inflammatory drugs, and steroids results in enhanced recovery from surgery

and decreased nitrogen 1otr.189' 190

When considering the these interventions it must not be forgotten that the post-operative

metabolic responses are important mechanisms by which the body supplies the necessary

metabolic fuels for repair. Thus, mere blockade of the response could have dire

consequences. This may explain why trials of cytokine blockade in sepsis have so far been

largely disappointing. Thus, cytokine blockade must be combined with specific nufition to

meet the fuel requirements of the repair process.

In conclusion, IL-1 appears to play an important role in post-injury metabolic responses

and acts at the level of individual tissues such as the brain and the liver. Strategies to

enhance recovery after injury must take into account the role of the post-injury metabolic

responses which act to provide metabolic fuels for repair. Therefore, strategies which are

likely to be successful will include not only efforts to block the production or the

deleterious activity of cytokines, possibly at the tissue level, but will also promote

anabolism and provide specific metabolic fuels to hed the wound. Further understanding

of the mechanisms underlying the obvious improvements in outcome in patients undergoing

laparoscopic surgery, compared with those undergoing conventional surgery, holds

potential benefit for the chronically ill hypermetabolic patient.
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Figure g.L Cytokines in Injury
Injury acts via a mediator, such as complement, to stimulate the synthesis of ILl, and other cytokines, by

individual tissues which then act to produce the characteristic metabolic derangement seen after injury.

Massive production of cytokines by individual tissues may overflow into the circulation and produce

detectable levels, such as is seen with IL-6 after surgery.

Central infusions of IL-l demonstrated the metabolic effects of centrally acting IL-l while peripheral

infusions demonstrated the effects of IL-l acting in the bone-marrow, to produce a leucoc5rtosis, and in the

liver, to decrease albumin synthesis. r'rnJury
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